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ABSTRACT

Nanoporous Carbon-based CO2 Reduction Catalysts: Exploring the Combined Effects of Surface
Chemistry and Porosity
by
Wanlu Li
Advisor: Teresa J. Bandosz
For the first-time sulfur-doped, nitrogen-doped and sulfur, nitrogen-codoped nanoporous carbons
were systematically studied as catalysts for CO2 electrochemical reduction reaction (CO2ERR).
The Faradaic efficiencies (FE) of CO and CH4 formation were calculated to evaluate the
performance of these carbons. The best catalysts showed the FE of CO and CH4 formation of 29%
and 0.76%, respectively. It was found that the overall performance in CO2ERR dramatically
increased upon the reduction pretreatment of the carbons in N2-saturated electrolyte before the
CO2 reduction process. The pretreated carbon showed the maximum FE of CO and CH4 formation
of 39% and 1.2%, respectively. The most stable carbon showed the unchanged FE of CO formation
for 48h, which was followed by a gradual decrease in the FE up to 96h.
The performance of CO2ERR was affected by such carbon surface features as the type and number
of functional groups, electric conductivity, porosity and surface acidity/basicity. Positively
charged carbons induced by pyridinic-N, quaternary-N and thiophenic-S were identified as
catalytically active groups. The reduction process intermediates CO2/COOH* were stabilized on
these positively charged sites. The pyridinic-N induced positively charged carbon showed the
iv

highest activity for CO formation. It was found that the carbon surface suffered from some extent
of oxidation after CO2ERR. The pyridinic-N was oxidized to pyridonic-N. However, when
pyrazinic-N was present on the carbon surface, the pyridinic-N remained stable and pyrazinic-N
was found to be decomposed after CO2ERR. This indicates that pyrazinic-N was a sacrificial
species protecting the active pyridinic-N sites from oxidation during CO2ERR, which markedly
increased the stability of the catalysts. A high electric conductivity of catalysts is a necessary factor
for the desirable performance in CO2ERR. Porosity is a predominant factor for CH4 formation but
not for CO formation. However, it increases the adsorption strength of CO2 and intermediates and
thus enhances the electron transfer. The pores, especially the ultramicropores, which provide high
adsorption potential, bind CO strongly. The adsorbed CO (intermediate CO*) likely accepts both
electrons and protons simultaneously and thus CH4 is formed. Acidic surface also helps with the
protonation of CO*, which is beneficial for CH4 formation. The basic surface of carbon favors CO
formation since its basic feature suppresses the competing hydrogen evolution reaction. The
mechanism of CH4 formation might not be an exclusively electrochemical process. With the
existence of formed H2 and CO that are adsorbed in the pores, the system might act as a set of
Fisher-Tropsch nanoreactors where CH4 is formed. Sulfur-containing nanoporous carbons also
showed photoactivity when exposed to visible light during CO2ERR. It was found that the bandgap decreased with the increase in the amount of thiophenic-S on the surface and an increase in
the contribution of sp2 configuration. These features were indicated to be responsible for the
generation of photocurrent under visible light. The photoinduced electrons were accepted by CO2
and the partial current density for CO formation increased.
The study sheds new light on developing nanoporous carbon as metal-free catalysts for CO2ERR.
The results obtained suggest that these materials have a potential be a low-cost alternative to the
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metal electrocatalysts. The investigated process is environmental friendly and economical. These
findings also extend our understanding of the mechanism of CO2ERR. Further studies on
improving the efficiency of CO2ERR in nanoporous carbons are needed. This can be achieved by
exploring the diversity of their surface modifications.
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Chapter 1. Introduction
1.1. Problems caused by CO2 emission and ways to reduce CO2 concentration level
1.1.1. Climate change and ocean acidification
Fossil fuels (petroleum, coal and natural gas) are used throughout the world to power up for
manufactures, transportations and daily livings. In 2001, the global energy consumption rate was
~ 13.5 terawatt (TW), which is predicted to be doubled by 2050 (27 TW) and tripled by 2100 (43
TW).1 With more than 200-year consumption of fossil fuels since the industrial revolution, the
exploitation of them has come at an unpaid cost with massively increased CO2 emissions from
their combustion. Over the past 50 years, the average global temperature has increased at its fasted
rate.2 It is also in these 50 years, we have seen increases in prolonged periods of excessively high
temperatures, heavy precipitations, and even severe floods and droughts in some regions.3 The
CO2 concentration level has increased steadily to 400ppm in September 2016 exceeding the
maximum concentration at which we can hold the climate without seeing severe changes
(350ppm).3 In this situation, we need not only to reduce the emission of CO2 to the atmosphere,
but also to decrease the existing amount of CO2. Apart from the global temperature increase caused
by the CO2 emission, the pH of oceans continuously decreases, that is known as ocean
acidification.4 The current acidification is on the way to reach levels higher than any seen in the
last 65 million years. The aqueous CO2 concentration increase will lead to the decrease of the
carbonate ion (CO32-) concentrations, making it more difficult for coral reef to grow and marine
life to calcify organisms by forming biogenic CaCO3.4,5
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1.1.2. Geologic sequestration and capture of CO2
Carbon sequestration is one of traditional options to hold thousands of gigatons of CO2 either
removed from the atmosphere or diverted from emission sources. CO2 is stored in oceans,
terrestrial environments (vegetation, soils and sediments) and geologic formations. The geologic
sequestration includes mainly deep saline formations, oil and natural gas reservoirs and
unmineable coal seams. For deep saline formations, CO2 is compressed and pumped deeply
underground, which must be injected below 800 meters and stored at the porous rock layer.6 In the
oil and natural gas reservoirs industry, the CO2 fluid is injected to gas and oil reservoirs,
counteracting the decrease of pressure and forcing oil and gas to the surface. Currently, this is the
most profitable way among all geologic sequestration methods. In nature, coal seams contain gases
such as methane. The methane is held in pores on the surface of the coal and fractures in the seams.
If CO2 is injected into a coal seam, the chemical composition of coal is more stable at a molecular
level owing to CO2 absorption. In this way, CO2 displaces the methane. However, the adsorption
of gases into the coal matrix causes large strains between the adsorbed gas layer and the surface
of the pore walls in the coal matrix. The most important advantages and disadvantages of different
geological sequestrations are listed as below in Table 1.1.
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Table 1. 1. Advantages and disadvantages of different types of CO2 sequestration
Geological
sequestration

Advantage

Disadvantage

Deep saline
formations

Largest capacity (~250 to
900 Gigaton(GT) carbon);
Broad distribution.7

Risk of leakage

Oil and
natural gas
reservoirs

Increase the yield of oil
wells.7

Smaller capacity (25GT carbon);

Unmineable
coal seams

Potential fuel recovery to CO2 permeability in coal seam decreases
offset cost;
during the process;
Low
risk
migration.7

of

High monitoring and high transportation
costs.8,9

Risk in contaminating the remaining
natural gas reserves with injected CO2.10,11

back- Detrimental to
strength.11–14

coal

seam

overall

1.1.3. CO2 capture
CO2 capture is also one of the potential ways to decrease the CO2 concentration level. The most
popular materials include amine-based solvents such as monoethanolamine (MEA),
diethanolamine (DEA), methyl diethanolamine (MDEA) and other ionic liquids solvents.15–17
Polymeric, inorganic and zeolitic membranes are also one of the candidates for the CO2 separation.
Microporous materials (zeolites, metal organic frameworks and activated carbons) are the
emerging new choice for CO2 capture.18 In spite of the ongoing efforts there is not a current
technology of the CO2 capture that can satisfy the needs of safety, efficiency and costs for removing
CO2 from large sources like coal-based power plants. A great news of June 2017 was that the
world’s first commercial carbon capture plant---Climeworks started operation in Switzerland. The
Climeworks carbon capture plant uses amine modified porous material as filtering collector
3

absorbing CO2 as fans pull air though the collectors. Moreover, once the collector is heated to
100oC, the pure CO2 is released from the collector and then fed to vegetables growing.19 It is
promising and exciting to have the first commercial plant coping with the climate change.
1.1.4. Electrochemical reduction of CO2.

Figure 1. 1.Electrochemical reduction of CO2 process. Copyright, 2016, modified with
permission to from Elsevier.20
Another promising option is the carbon dioxide electrochemical reduction process (known as
artificial photosynthesis) --- using electricity to chemically reduce CO2. This technology could use
any renewable energy source, such as wind or solar energy, to achieve the reduction process
(Figure 1.1). In California, reports have indicated that excess amount of renewable energy were
wasted in the day time.21 This amount of energy can be one of the energy sources readily used in
reducing CO2 applications. Therefore, the electrochemical reduction of CO2 provides a practical
solution for minimizing CO2 concentration level, as well as offering an alternative way to convert
CO2 to renewable fuels. Reducing carbon dioxide into fuels would allow us to be independent of
4

conventional fossil fuels, which makes our society more sustainable. The chemical fuels products
could be immediately recycled back to energy infrastructure, which would develop our society
towards a zero-carbon footprint.

1.2. Electrochemical reduction of CO2
1.2.1. Chemical and physical properties of CO2
Carbon dioxide (CO2) is a linear molecule. The central carbon atom possesses sp hybridization
with the C=O distance of 1.6 Å.22 The different electronegativity of oxygen and carbon leads to a
negative polarization on the oxygen atom and a positive partial charge on the central carbon atom
(Figure 1.2). Since the carbon atom is in its highest oxidation state and electronic ground state, the
molecule is chemically stable. It partially dissolves and dissociates in water (0.034mol/L at 25°C,
100 kPa). The summary of physical and chemical properties was shown in the Table 1. 2.

Figure 1. 2. Molecular structure of CO2
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Table 1. 2. The properties of CO2 and the structure of the CO2 molecule
Property
Molecular weight
Diameter
pKa
Sublimation temperature
Solubility in water

Value
44.01g/mol
33Å
6.35, 10.33
-78.5°C
1.45g/L at 25°C, 100kPa

1.2.2. Thermodynamic aspect of CO2 electrochemical reduction
CO2 molecule is the most stable compound among the carbon-containing compounds. Thus, CO2
reduction is not an energy favorable process. Thermodynamically speaking, the formation of
multielectron reduced species from CO2 requires less electrochemical potential than the direct oneelectron reduction to CO2·-. The thermodynamic potential of CO2 reduction for various products
is listed below in Table 1.3. The reversible hydrogen electrode (RHE) is commonly used as a
reference electrode. Hydrogen evolution reaction (HER) is concurrent during the CO2 reduction in
the aqueous solution. The thermodynamic potential for reduction of water is -0.41V vs. SHE at
pH=7.0. Since HER is more beneficial reaction than CO2 reduction in an acidic solution, the most
studies of CO2 reduction in aqueous solution were tested in neutral pH region.
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Table 1. 3. The equilibrium reduction potentials versus SHE and RHE (at pH=7.0, 1.0 atm and
25oC) for the formation of various products23,24 (Calculated according to the Standard Gibbs
Energies of the reactants in reactions).

Reaction

Potential V vs. SHE

Potential V vs. RHE

CO2(g)+ e- = CO2·-

-1.9 25

NA

CO2(g)+ 2H+(aq) + 2e- = CO(aq) + H2O(l)

-0.52

-0.11

CO2(g)+ 2H+(aq) + 2e- = HCOOH(aq)

-0.61

-0.20 (for pH<4)

2CO2(g)+ 2H+(aq) + 2e- = H2C2O4(aq)

-0.89

-0.50

CO2(g)+ 4H+(aq) + 4e- = CH2O(aq) + H2O(l)

-0.48

-0.07

CO2(g)+ 6H+(aq) +6e- = CH3OH(aq) + H2O(l)

-0.38

0.02

CO2(g)+ 8H+(aq) + 8e- = CH4(g)+ 2H2O(l)

-0.24

0.17

2CO2(g)+ 12H+(aq) + 12e- = C2H4(g)+ 4H2O(l)

-0.33

0.08

2CO2(g)+ 12H+(aq) + 12e- = C2H5OH(aq) + 3H2O(l) -0.32

0.09

1.2.3. Kinetics aspect of CO2 electrochemical reduction
The benefit for converting CO2 to hydrocarbons in an aqueous electrolyte is that water provides
proton source of hydrocarbon products. However, since the hydrogen evolution is competing with
CO2 reduction, it is crucial for the catalysts to be able to slow down the kinetics of hydrogen
evolution or/and increase the kinetics for CO2 reduction. The overpotential is described as the
additional potential (beyond the thermodynamics potential) needed to drive a reaction to take
place.26 So for different catalysts, the overpotenial for a specific reaction varies. The binding
energies on the catalysts interacting with reaction intermediates also lead to various products
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(including H2, CO, hydrocarbons) and selectivity. Among all the metals studied, copper is the only
metal that, when used as a catalyst for CO2 reduction, it produces hydrocarbons (methanol, ethane,
methane, and ethylene) with a high Faradaic efficiency.10 However, it only forms the hydrocarbon
products at large negative overpotentials (~1 V), which indicates that there are significant kinetic
reaction barriers on copper electrodes.
Great effort has been focused on determination of the specific catalytic properties of copper and
mechanism for the formation of CO and hydrocarbons. There is a heated discussion on the
mechanism pathways for CO2 electrochemical reduction, both experimentally27,28 and theoretically
on copper electrode.29–31 The latest published pathways are summarized in Figure 1.3.24,32 The
general process is briefly described in the following steps. (1) CO2 is suggested to transfer to the
electrode surface (mass transfer) and to be adsorbed onto the electrode surface.33–35 In this way,
the catalysts that have a high affinity to CO2 or low activation energy for adsorbing CO2 could
help the overall reduction performance. (2) With the one-electron reduction process, CO2ads
converts to an intermediate CO2·- radical. The CO2·- radical is bent and the unpaired electrons are
localized at the carbon atom.36 (3) Redox reactions which involve the second-electron process lead
to the COads or HCOOH formation. For the redox reactions involving multiple-electron reactions,37
COads is the key intermediate of the further reduction process for hydrocarbon formation. (4) The
products are released from the surface of the electrode into the bulk solution (second mass
transfer).24
In Step (2) the formation of another intermediate COOH* was proposed based on DFT
calculations.30,37,38 Nørskov’s group calculated the energy of intermediate formation with the
presence of the proton and the model showed the strong scaling between COOH* (or COOHads)
and CO*( or COads), which implied the existence of COOH* intermediate.30,38 The calculated
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energy barrier of proton-transfer reaction process was found to be consistent with the experimental
results. The COOH* intermediate was assumed to be formed via a concerted proton-electron
transfer to CO2. The mechanism of Step (3) involves the pathway leading to methane formation
(C1 pathway). The CO* intermediate is first reduced to either formyl species (*CHO) or *COH
species, which are further reduced to methane. According to the DFT calculations by Peterson
et.al.,30 the following breaking of this C−O bond through *CHO intermediate may be more
thermodynamically favorable than the breaking of the C−O bond through *COH intermediate. In
addition, the dimerization of two or more CO* resulted in C2H4 or other hydrocarbons formation.

Figure 1. 3. The pathways for electrochemical CO2 reduction
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1.2.4. Faradaic/current efficiency of CO2 electrochemical reduction
Chronoamperometry(CA) is an electrochemical technique in which a potential is applied to the
electrode and the current is measured as the function of time. The current respond reflects either
the charging of the double layer of an electrode or electron transfer reaction with a reactant or both.
Faradaic/current efficiency describes the efficiency of charge (electrons) transferred to drive an
electrochemical reaction.26 It indicates the selectivity of each product formed in the reduction
process. The equation (1.1) is used to calculate the Faradaic efficiency (FE) of an electrochemical
reduction:

𝐹𝐸 =

𝑛𝑚𝐹
𝑄

(1.1)

where n is the number of moles of products; m is the number of electrons required to form a
molecule of products; F is the Faraday constant (96487 C mol-1) and Q is total charge input to the
electrode. The moles of the products need to be detected using a gas chromatography(GC), liquid
chromatography(LC) or nuclear magnetic resonance(NMR).

1.3. CO2 electrochemical reduction reaction (CO2ERR) on metals
The first systematic studies of CO2 reduction in metals have been completed by Hori 1982.39
Figure 1.4 summarized the performances of various crystalline metals.40 They are mainly classified
into four groups by different products selectivity. Pb, Hg, Tl, In, Sn, Cd and Bi show the main
product as a formate ion. Au, Ag, Zn, Pd and Ga form CO as the major products. Ni, Fe, Pt and Ti
prefer HER to CO2 reduction and H2 is the main product. As mentioned above, copper is the only
metal that shows a considerably high selectivity to hydrocarbons.
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Figure 1. 4. Faradaic efficiency of products in CO2 reduction at various metal electrodes.
Copyright 1994, data is reprinted with permission from Elsevier.40
With the growing interests in reducing CO2, a great progress has been achieved regarding the
development of metal electrodes. Recent efforts have been devoted to developing nanostructured
metallic electrocatalysts. This is due to the fact that a particle size can directly change the ratio of
the atoms at corners or edges to the total atoms on the surface. Atoms at corner or edge positions
have a low coordinated number which leads to a higher surface energy than that of bulk materials.
In addition, nanostructured catalysts exhibit a high stability by minimizing the common problem
of “poisoning” or “deactivation”.41 A brief comparison of the materials studied is presented in
Table 1.4. Those nanostructures provide much more active sites than the bulk materials.
Nanostructured Au and Ag catalysts have shown great improvement for forming CO at the low
overpotential.42,43 Since edge sites of Au were proved as the active sites for the CO formation, the
Au nanowires were designed with high number of edge sites.42 The onset potential for CO
11

formation was -0.2V vs. RHE and the FE of CO reached 94% at -0.35V. The weak bonding of CO
to the active sites on the surface is also one of the reasons for their excellent catalytic performance.
With a large surface area, nanoporous Ag electrocatalyst showed a FE of 92% for CO formation
at -0.5V vs. RHE.43 Its intrinsic activity was due to its highly curved surface, which stabilized the
CO2·- intermediate. The hierarchical hexagonal Zn showed the best CO formation at -0.95V vs
RHE. Even though it showed higher overpotential comparing to Ag and Au electrodes. A good
selectivity (95%) and stability (30h) for the CO formation was recorded. Won and coworkers found
that morphology was crucial for the selectivity and Zn(101) facet favored the CO formation.44 In
addition, it was found that different atomic lattice configurations of the copper controlled
selectivity of reduction products with higher activity.45 Wang et. al46 synthesized high energy
Cu(110) facets through etching the copper nanocube. It was found that Cu (110) facets
significantly enhanced CO2 reduction leading to the CH4 formation. Li et. al47 proved that the
morphological features also affected the selectivity of the products on the Cu electrode. The copper
nanowires presented the FE of 55% for the CH4 formation at -1.25V vs. RHE. Nanostructured
bismuth (Bi) nanoflakes were synthesized by electrodeposition using pulse current method.48 The
Bi nanoflakes showed larger number of edge and corner sites. On them a highly selective HCOOproduction (FE = 79.5%) was achieved at low potential of −0.4V vs. RHE and the maximum FE
reached almost 100% at −0.6V vs. RHE. Moreover, Bi nanoflakes were stable for 10 h for the
reduction process. From the DFT calculation, the high selectivity for CO2 reduction was due to the
high free energies of hydrogen adsorption at the surface of Bi surface, resulting in a suppressed
hydrogen production catalytic activity.
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Table 1. 4. The performance of nanostructured metal electrocatalysts in aqueous electrolyte
Electrode

Structure

Potential

FE (%) of main Stability
products

Ref.

Au

Nanowire

-0.35V vs. RHE

CO: 94%

6h

42

Ag

Nanoporous

-0.50V vs. RHE

CO: 92%

8h

43

Zn

Hierarchical
hexagonal

-0.95V vs. RHE

CO: 95%

30h (tested at - 44
0.85Vvs.RHE)

Cu

Nanocube

-1.4V
Ag/AgCl

Cu

Nanowire

-1.25V vs. RHE

Bi

Nanoflakes

Au3Cu
SnCu

vs. CO: 45%

1.1h

46

CH4: 55%

Not analyzed

47

-0.6V vs. RHE

HCOO-: 100%

10h

48

Alloy

-0.73V vs. RHE

CO: 65%

1h

49

Alloy

-0.6V vs. RHE

CO:>90%

6h maintained for 50
95% and dropped
to 90% up to 14h

Alloy is one of the other metal structures investigated as catalysts for CO2 electroreduction. It is
because the cooperation of the two and more metals tunes the electronic structure and thus
influences the selectivity of the reduction process. It was found that alloying Au with Cu lowered
the overpotential for the CO2 reduction compared to that on Cu itself.49 Assembling uniform Au
and Cu in various compositions into the ordered monolayers showed Au3Cu as having the highest
activity for the CO formation. It was proposed that both electronic and geometric effects
contributed to the reaction pathways leading to various product selectivity. Takanable et al. studied
Cu-Sn bimetallic electrode by electrodepositing Sn species on the surface of oxide-derived
copper.50 The DFT calculating revealed doping Sn disfavored the adsorption of proton and left the
adsorption of CO relatively unperturbed. The best sample showed a 95% selectivity for CO2
13

reduction (90% for CO and 5% for formate) at -0.6V vs. RHE.
Nevertheless, there are still problems with the nanostructured metals. The nanostructured metals
are mostly synthesized by expensive precursors and surfactants. The etching or electrochemical
deposition methods need precise conditions to control. The high cost of catalysts and sensitivity to
“poisoning” still hampers their large-scale practical applications. It is of great importance to
explore alternatives for economical non-noble metallic or nonmetallic materials that are potentially
active for CO2 reduction applications.

1.4. CO2 electrochemical reduction reaction (CO2ERR) on metal oxides
Researchers studied metal oxides as catalysts for CO2 reduction. Oxidized copper electrodes were
one of the most widely investigated materials. Various oxidation methods (anodized Cu foil and
thermally oxidized Cu) were used to synthesized the materails.51 CO, methanol and methane were
reported as products. The anodized Cu electrode in 0.5M KHCO3 showed the highest rate for
methanol formation (1 x 10-4 mol cm-2 h-1).51 As-prepared cuprous oxide (Cu2O) particles were
deposited onto a carbon cloth electrode and tested for CO2 reduction.52 The gas chromatography
confirmed that methanol was the predominant product. Le et al. prepared Cu2O thin film for CO2
electrochemical reduction.53 It was found that the Faradaic efficiency for CH3OH production was
38% at -1.05V vs. SCE. Cu2O electrodes showed much higher FEs than air-oxidized or anodized
Cu electrodes, which indicates that Cu (I) species played an important role in the selectivity of the
CH3OH formation.
More recently, metal/metal oxide composite materials were designed for CO2 reduction. Li and
Kanan prepared Cu2O layers by annealing Cu in air.54 The Cu2O layers formed at 500 oC with the
thickness of ≥3um resulted in a 0.5V lower overpotential and higher FE for CO and HCOOH
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formation than those on a polycrystalline Cu electrode. The activity of the modified electrodes was
stable over 7h while Cu electrode itself exhibited deactivation within 1h at the identical conditions.
Sn electrodes were subjected to different pre-electrolysis treatments to form SnOx.55 The thin-film
catalyst prepared by simultaneous electrodeposition of Sn0 and SnOx on a Ti electrode exhibited
60 % of FE for the CO formation and 40% for the HCOOH formation. The electrodeposited
catalyst Sn/SnOx showed up to an 8-fold higher partial current density and 4-fold higher Faradaic
efficiency than that on native SnOx surface. These studies indicated that the metal/metal oxides
composites are one of the potential catalysts for sustainable fuel synthesis.

1.5. CO2 electrochemical reduction reaction (CO2ERR) on carbon supported metals
Considering that a surface area contributes to the performance of the CO2 reduction catalysts,
carbon materials were also explored for CO2ERR as a conductive high-surface area supports for
the metal catalysts. The use of high surface area carbons containing active metals (especially the
non-precious metals) are a novel path forward in CO2ERR research. Utilizing the porous structures
supports can also facilitate CO2 transport in the initial step. Activated carbon fibers (ACF) and
carbon nanotubes (CNT) as carbon supports were reported in the literature.56–59 Yamamoto et. al.
studied the metal catalysts (Fe, Ni, Cu, Pd) supported on ACF, which contained slit-shaped pores
with widths of 2nm.56 The Ni/ACF showed the highest selectivity for CO among all the tested
fibers. The current efficiency for the CO production reached a maximum of 67% with current
density of 63mA/cm2 at -1.6V vs. SCE. It was proposed that the microporous support provided a
nanospace effect, thus the increased pressure enhanced the CO2 reduction selectivity. Then
adsorbed CO2·- intermediate was stabilized on the Ni (110) surface and further reduced to CO. In
the case of carbon nanotubes (CNT), due to their unique geometry, a large surface area, excellent
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electronic, charge transport, mechanical and thermal properties were significant assets for their
choice as a support.57 Moreover, their graphitic surface could bring a long-term stability. Fe and
Pt supported on CNTs showed a conversion of carbon dioxide to liquid fuels (acetone, ethanol,
acetaldehyde, methanol and isopropanol). On Fe/CNT a rate for main product isopropanol was
0.04 umol/h, which was higher than that of Pt/CNT (0.02umol/h). However, the Fe/CNT sample
ceased its activity for the isopropanol formation after 4h reactions, which was caused by the
reaction of iron particles with potassium ions in the KHCO3 electrolyte.58 Another study on the
activity of the iron particles on the nitrogen-doped CNT was conducted by Centi and coworkers.
A significant improvement in the formation of isopropanol (0.06 umol/h) was found in comparison
to the case of iron on CNT, which indicates the importance of nature of supported carbon for
CO2ERR. The detection of C3 products showed that the nanocavities on CNT favored the
formation of C-C bond from the intermediates.59
The influence of carbon supports was studied intensely for the application of metallic copper as a
catalyst. The activity of copper nanoparticles supported on carbon black (VC), single-wall carbon
nanotubes (SWNTs) and Ketjen Black were evaluated for CO2ERR.60 The results showed that
carbon-supported Cu nanocatalysts were more selective toward C2H4 formation than were
unsupported electrodeposited Cu nanoparticles. Especially for well-dispersed 40wt.% Cu/VC and
20wt.% Cu/SWNT catalysts, there were 0.2V positive shift in the onset potentials for C2H4
generation in comparison to that on nanoparticle Cu. In addition, more CH4 was formed on the
carbon-supported Cu nanoparticles than that on the unsupported Cu nanoparticles (50-100nm) at
the potential more negative than -1.6V vs. Ag/AgCl. This was due to hydrogen spillover coming
from the carbon support, which led to more hydrogen atoms absorbed on the carbon surface than
that on the Cu itself. Koo and co-workers tested for the CO2 reduction electrodeposited copper
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nanoparticles on highly aligned CNT sheets.61 The oxygen-plasma-treated CNT/Cu showed the
higher formation rate for CO (178μmol cm2 mA-1 h-1) and CH4 (346μmmol cm2 mA-1 h-1),
respectively, in comparison to those on CNT and pristine CNT/Cu.
Varela and co-workers62 functionalized commercial carbon blacks with nitrogen and Fe and/or Mn
ions using multipyrolysis and acid leaching. The catalysts were active and highly selective for the
CO formation. The metal-N-C samples all showed the FE of around 80% for the CO formation at
-0.5V vs. RHE. Interestingly, the CO formation seemed not to be directly related to the specific
nature of the metal ion incorporated in the N-C structure. Besides, nitrogen functionalities were
found to be active sites. It is worth to mention that methane was detected on Fe-containing catalyst
indicating Fe-ion played a crucial role in the mechanism of further reduction and protonation of
the adsorbed CO. So the metals enabled the protonation of CO and the formation of hydrocarbons.
The formation of methane was found to be correlated with CO-metal interaction strength. Another
research was aimed at understanding the structural parameters ruling the selectivity for CO2
electroreduction of pyrolyzed Fe-N-C materials,63 it was demonstrated that the selectivity of these
materials for the CO2 reduction over hydrogen evolution was controlled by the ratio of isolated
FeN4 sites versus Fe-based nanoparticles. FeN4 sites preferred CO2 reduction to CO while Fe
nanoparticle preferred hydrogen evolution reaction. The ratio of these two sites tuned the CO/H2
ratio. The material containing only FeN4 sites showed that CO2 was reduced to CO selectively in
aqueous solution with FE of over 90% at overpotential of 0.19V (-0.3V vs. RHE). Apart from
nitrogen introduced to the carbon support, nitrogen and sulfur codoped iron-containing highly
porous carbon-gel was studied in the CO2 electroreduction reaction in the aqueous solution.64 CO
was the main product and trace of methane was also detected. It showed the highest FE of CO was
85% at -1.3V vs. RHE, which is comparable to the results obtained on other studies.62,63
17

Catalysts containing tin nanoparticles (NPs) were loaded onto high surface area carbon supports
(carbon black and graphene) by reducing various sizes of SnO2 nanoparticles. On the graphene
supports, the onset overpotentials were as low as ∼0.34V for CO2 reduction to formate. At potential
of -1.8V vs. SCE, the maximum Faradaic efficiency of the formate production was reached >93%
with current densities of over 10 mA/cm2. Faradaic efficiency for the formate production obtained
on the reduced nano-SnO2/graphene catalyst was higher than those on reduced nano-SnO2/carbon
black (86%). In addition, the current density on the reduced nano-SnO2/graphene was nearly twice
higher than that on the reduced nano-SnO2/carbon black (6.2 mA/cm2). It was proposed that the
activity toward CO2 reduction arose from the interactions of intermediate CO2- with the nanoscale
tin surface followed by its subsequent kinetic activation toward protonation and further reduction
to formate. It was also concluded that the underlying graphene substrate may also play a role
electronically interacting with Tin catalyst.

1.6. Metal free catalysts
As part of the attempt to develop efficient catalysts for CO2 reduction, metal-free catalysts are
considered as next-generation, renewable materials that have the potential to be cost-effective as
well as exhibit a comparable performance to that of metal-based catalysts. These catalysts are
classified mainly into three categories, including conducting polymers, pyridinium derivatives and
heteroatom-doped carbon materials.65 These metal-free materials possess the electronic
configurations that adsorb the CO2 molecule and stabilize the intermediates during the CO2
reduction.
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1.6.1. Conductive polymer catalysts
Conducting polymers have gained attention in the electrocatalysis due to their conductive
properties and simple preparation procedures.66,67 Due to their highly conjugated polymeric
backbones, conducting polymers usually undergo rapid and reversible redox processes.68,69 Koleli
and co-workers tested a polypyrrole film for the CO2 reduction at -0.4V vs. Ag/AgCl in a
MeOH/LiClO4/H+/H2O electrolyte system.70 To overcome the high overpotentials, the polypyrrole
films were electrodeposited on a Pt electrode. The FE of formaldehyde, formic acid and acetic acid
was 11.6%, 41.3% and 33.7%, respectively, for a 1h reduction process at ambient conditions. With
increasing headspace pressure of the electrochemical cell, both FE of formic acid and acetic acid
formation increased, whereas the FE of formaldehyde decreased. It was suggested that the initial
step of CO2 reduction must be the formation of Hads on the Pt surface since the potential required
for the reduction process was much lower than the thermodynamic potential (-1.9V vs. SHE). It
was proposed that hydrogen adsorption (Hads) was crucial for the formation of the liquid products.
That adsorbed hydrogen attracted CO2 via hydrogen bonds, and then HCOOads was formed on the
polymer film (Figure 1.5). A subsequent study was also done by the same group on an polyaniline
polymer coated Pt substrate,71 which also showed similar performance to that of polypyrrole. The
polyaniline film made the transfer of Hads atom to the CO2 molecule much easier than without this
polymer film. The maximum FEs of the products were found to be 26.5, 13.1 and 57.0% for
formaldehyde, formic acid and acetic acid, respectively.
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Figure 1. 5. Proposed reaction pathways of CO2 reduction on a polypyrrole film. Copyright 2004,
with permission from Elsevier.70
1.6.2. Pyridinium-based catalysts
Several studies72–76 have focused on the pyridinium as co-catalysts coupled with various types of
electrodes such as palladium (Pd) and platinum (Pt), etc. They led to two important observations:
1) the catalysts were not active for CO2 reduction when the pH of the electrolyte was above 7.72
and 2) the products selectivity and overpotentials strongly depended on the type of metal
electrodes.73 Pyridinium/Pd was first tested for CO2 reduction and it showed the FE of 30% for
methanol formation at -0.55V vs. SCE (pH=5.4).72 Later on, the same group combined pyridnium
with Pt, which reported to be active for HCOOH and CH3OH formation.73 The FE of HCOOH and
CH3OH is 11% and 22%, respectively, with a current density of 40mA/cm2 at potential of -0.58V
vs. SCE. The experiments also showed that the catalytic current measured by a cyclic voltammetry
increased linearly with an increase in pyridinium and CO2 concentrations. The authors suggested
that pyridinium ion and its associated derivatives combined with the metals were responsible for
the catalytic properties for the CO2 reduction. Moreover, the electrodes that did not catalyze
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hydrogen evolution showed no activity to CO2 reduction, which indicates the importance of the
surface being able to bond the hydrogen molecule. In another study by Smith and co-workers,77
two similar nitrogen-rich polymers based on pyridine and bipyridine units were synthesized. They
functionalized carbon fiber papers with these polymers and tested as the electrocatalysts for the
CO2 reduction. Both polymers exhibited electrocatalytic activities. However, on the polymer
containing a pyridine unit, electrochemically-driven carboxylation with CO2 occurred on the
surface. A stable adduct was formed upon reduction, which was too stable to undergo a reduction.
The polymer based on bipyridine was found to behave differently, exhibiting large catalytic
currents related the CO2 reduction. It was suggested that because of the formation of a weak adduct
on the bipyridine-containing polymer, the products could be released from the polymer which is
beneficial for CO2 reduction.
Semiconducting electrodes combined with the pyridinium-based catalysts were also tested for CO2
reduction. Bocarsly and coworkers76 found that under an UV illumination, a pyridinium/p-GaP
system reduced CO2 to methanol with nearly 100% Faradaic efficiency at overpotential of 0.3V
(pH of 5.2). The extreme high efficiency was due to the low photoactivity of the electrode for side
reaction, hydrogen evolution reaction. When applying a potential of −0.20V versus SCE, the
quantum efficiency under 365 nm and 465 nm illumination for the generation of methanol was 11%
and 1.3%, respectively. The reason for this inefficient conversion process was the mismatching of
band structure of p-GaP with the solar spectrum.76
The mechanism behind the pyridinium-catalyzed CO2 reduction process was discussed and there
were main two pathways proposed. In Figure 1.6, the experimental results73,78 suggested that
pyridine (1) in an acidic aqueous solution first accepts a proton to generate pyridinium (2), which
is subsequently reduced through a one electron transfer process to form the pyridinyl radical (3).
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The radical is expected to have a strong reduction ability and to react with carbon dioxide to form
a radical carbamate species (4). On Pt electrode (Figure 1.6a), the radical carbamate is converted
to a hydroxyformyl radical species (5). Then the hydroxyformyl radical species reacts with
adsorbed proton to form a formyl radical species (6), which is followed by reacting with pyridinyl
radical forming HCOH and finally CH3OH. For the p-GaP semiconductor under UV illumination
(Figure 1.6b), the only difference is that the radical carbamate species are liked to from HCOOH
as the intermediate due to the lack of a surface adsorbed proton. In this proposed process, pyridinyl
radical species (3) is considered to be the most crucial intermediate, which is assigned from the
Cyclic Voltammetry peak at -0.58V vs. SCE in the pyridinium/Pt system with pH of 5.2. However,
this mechanism was contradicted by the computational study from Keith and co-workers,79 who
claimed that the redox reaction between pyridine and the pyridinium radical should actually occur
at -1.47 V versus SCE (pH = 5.3). This value is very similar to the redox potential obtained from
another independent computational study by Tossell (-1.44 V versus SCE).80 These computational
results disclaimed the role of pyridinyl radical during CO2 reduction, which greatly changed the
view in respect to the mechanism on pyridinium-based electrocatalysis.
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Figure 1. 6. Proposed Mechanism for the Pyridinium Catalyzed Reduction of CO2 to Methanol
on (a) a Pt Electrode and (b) an Illuminated p-GaP Electrodes. Copyright 2015, Reprinted with
permission from American Chemical Society.81

1.6.3. Heteroatom-doped carbon catalysts
In recent five years, developments in the metal-free heteroatom-doped carbon catalysts have led
to their exploration for CO2 reduction applications. The insertion of heteroatoms (such as nitrogen
and sulfur, etc.) into carbon matrix introduce the defects ton the carbon surface, which converts
the neutral carbon atom into charged atoms bringing the catalytic activity. Non-metal electrodes
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are easy to design with respect to their composition and structures. Moreover, they are chemically
stable even in harsh media and economical for large-scale practical applications.82,83
The metal-free N-doped carbon nanofibers and N-doped carbon nanotubes (NCNTs) have been
reported in the literature as catalysts for the reduction of CO2 to CO. In the former case, the carbon
nanofiber was obtained by pyrolysis the electronspun polyacrylonitrile nanofiber.84 It showed the
overpotential of 0.17V with the FE of 98% for CO formation. The CO2 reduction current density
remained almost constant for 9h. It was proposed that the reduced/positively charged carbon atoms
rather than the electronegative nitrogen atoms contribute to the activity in the CO2 reduction
process. Using ionic liquid 1-ethyl-3-methylimidazolium tetra-fluoroborate (EMIM-BF4)
decreased the initial barrier for CO2 reduction.85 The CO2 intermediate interacted with EMIM-BF4
via complexation. The complex further adsorbed on the nanofiber, which is beneficial for the
further reduction. Nevertheless, since ionic liquid electrolytes are expensive and sensitive to
moisture,43 their application for catalysis in practical conditions is hindered.
Wu and co-workers studied nitrogen-doped carbon nanotubes for CO2ERR in an aqueous
electrolyte.86 The onset overpotential for the CO formation was 0.18V with the FE of 37%. The
maximum FE reached 80% at a low overpotential of 0.26V. It was also observed that the
catalytically activity lasted for more than 10h at this potential. Sharma and co-workers87 used
various nitrogen-containing precursors and heating temperatures in order to control the specific
nitrogen functionalities of carbon nanotubes. The sample containing highest pyridinic and
graphitic nitrogen showed the lowest overpotential and highest FE for the CO formation. Using
density functional theory (DFT) simulations, pyridinic-N site was found to require the lowest
energy to form intermediate COOH* through the first coupled proton–electron transfer to CO2
(1.2), which is followed by pyrrolic and quaternary (graphitic) nitrogen. The CO* intermediates
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was formed through a second coupled electron–proton transfer step (1.3) that was followed by CO
desorption (1.4). Combining with experimental results, it was concluded that the presence of
quaternary-N and pyridinic-N defects significantly decreased the absolute overpotential and
increased the selectivity towards the CO formation. The pyrrolic-N defects seemed to have little
or no impact on the CO2 reduction activity. However, the role of the activity for the nitrogen
functional groups for CO2ERR is still under debate. Xu et al.88 calcined composites of poly
(diallyldimethylammonium chloride) and oxidized CNTs at various temperatures. The sample
heated to 700oC showed the FE of 85% for the CO formation at -0.9V vs. RHE with stability of
over 60h. The calculated Gibbs free energy showed that formation of both CO2·- and CO* was
easier on pyrrolic than that on pyridinic nitrogen. Quaternary-N needed the highest energy among
the three configurations. The intrinsic activity indicating from Tafel slope for CO formation
correlated better with the amount of quaternary-N than with the pyridinic-N and pyrrolic-N.
CO2 (g) + * + H+ (aq) + eCOOH* + H+ (aq) +eCO*

CO (g) + *

COOH*
CO* + H2O (l)

(1.2)
(1.3)
(1.4)

Graphene, the well-known two-dimensional carbon allotrope, is a versatile carbon material due to
its outstanding thermal, mechanical and electrical properties. This enable graphene materials to
serve as key components in high-performance electrochemical energy storage and conversion
devices such as lithium ion batteries, supercapacitors, and fuel cells.89 Wang and co-workers first
reported N-doped graphenes as electrocatalysts for CO2 reduction. They showed that FE for the
formate formation reached its maximum of 73% at −0.84V vs. RHE.90 The long-term durability of
N-graphenes was tested at -0.84V for 12h. The existing unique pyridinic-N were proposed to be
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responsible for the excellent performance of N-graphenes in the CO2 reduction process.
Afterwards N-doped graphene quantum dots (NGQG) were reported to exhibit high activity
towards the CO2ERR for the hydrocarbons and multi-carbon oxygenates formation.91 The NGQDs
showed a high total Faradaic efficiency of carbon dioxide reduction of up to 90%, with selectivity
for ethylene and ethanol conversions reaching 45% at -0.61V vs. RHE. It was concluded that
pyridinic-N at the edge site was more active to induce C–C bond formation than that at the basal
plane. This led to a high yield of C2 and C3 products. Another study by Sun and coworkers reported
N-doped carbon (graphene-like)/carbon paper electrode as a CO2 reduction catalyst. It achieved
the FE of 94% for the methane formation in an ionic liquid electrolyte (with a trace amount of
water).92 The FE of CH4 increased significantly with an increasing nitrogen content in this
material. It was proposed that CO* could be desorbed or converted into CHO* by accepting an
electron and proton. Then CHO* was transformed to CH4 after accepting additional electrons and
protons. In addition, the ionic liquid as electrolyte also played a very important role in the CO2
reduction. Among all the ionic liquids tested, BMIM-BF4 showed the best performance since it
helped CO2 transform to CO2·- radical during the reduction process.
Besides the nitrogen acting as the providing the catalytic activity, other elements have been also
reported as doping candidates for metal free catalysts for the CO2 reduction. Boron-doped diamond
(BDD) electrodes exhibited a very high Faradaic efficiency (74%) for formaldehyde formation at
-1.7V vs. Ag/AgCl in CO2 saturated methanol electrolyte.93 They showed a 20h stability at this
potential. Formic acid was also produced with a best Faradaic efficiency of 15% at -1.5V vs.
Ag/AgCl. The authors found that the production of formaldehyde on the BDD electrode could be
attributed to the further reduction of formic acid. It was proposed that the high Faradaic efficiency
for formaldehyde was due to the sp3-bonded carbon of the BDD.
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Dating back to 30 years ago, metal-sulfur clusters have been studied for this application. The
presence of the cluster [Fe4S4(SR)4]2- (R=PhCH2 or But) and [M2Fe6S8(SEt)9]3-(M=Mo or W) on
the mercury electrode led a positive potential shift of 0.7V and 0.5V, respectively, in comparison
to the potential without the cluster on mercury electrode in dimethylformamide (DMF)
electrolyte.94 Formate and phenylacetate were reported as the main products. The optimum
Faradaic efficiency for formate formation was 27% on [Fe4S4(SCH2Ph)4]2- cluster. Another study
on rhodium cluster [(RhCp*)3(u3-S)2]2+ complex,95 it was observed formate formation at -1.5V vs
SCE in the Bu4NBF4 containing CH3CN electrolyte and oxalate formation in LiBF4 containing
CH3CN electrolyte, respectively. It was proposed that both low valent metals and electron rich
sulfur ligands were the possible sites for CO2 activation in the metal-sulfur clusters during CO2
reduction. The mechanism of sulfur species in the CO2ERR was not thoroughly addressed.
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Chapter 2. Overview and Scope of Thesis
The summaries of the recent studies on various metals, metal oxides, carbon-supported and metalfree materials as CO2 reduction catalysts have been introduced in Chapter 1. Among all the
catalysts, the main advantages of metal-free carbonaceous materials as the catalysts for CO2
electrochemical reduction reaction (CO2ERR) are:
(1) They can be functionalized in various surface modification paths or doped with
heteroatoms, which enables the expansion and control of their catalytic properties.
(2) Since the carbon surface is expected to be tolerant to harsh environments and resistant to
the poisoning during the reduction process, the electrocatalytic stability can be extremely
improved in comparison to those of metals.
The main disadvantage of carbonaceous catalysts is their relatively low selectivity and competition
with the concurrent hydrogen evolution. Since the metal-free carbonaceous catalysts are much less
studied in comparison to metals, their specific mechanisms still need further investigation.
Pore in carbon materials are either formed in the process of thermal decomposition of organic
precursors or appear as a result of either chemical of physical activation processes applied to
pyrolyzed chars. During the pyrolysis/carbonization and activation, large amounts of
decomposition gases are formed and released. Depending on the activation condition (type of agent,
heating temperature, heating rate, pressure, etc.), a wide range of pore sizes and shapes were
formed. International Union of Pure and Applied Chemistry (IUPAC) classifies pores based on
their sizes. They are classified into three categories: micropores (< 20nm), mesopores (2-50nm),
and macropores (> 50nm). Micropores can be further divided in to supermicropores (0.7-2nm) and
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ultramicropores (<0.7nm).96 Nanoporous materials possess a potential to become attractive
candidates for electrochemical reduction of CO2 because besides their advantages mentioned
above, they can also provide high surface area with well-developed internal pore structure. These
features are expected to affect the adsorption of the CO2 molecule and the intermediates during the
reduction process. The confined space in small pores can affect thermodynamics and kinetics of
the reduction processes. Moreover, the approach used for preparations and modifications of our
nanoporous carbons is simple and of low cost in comparison to methods such as chemical vapor
deposition (CVD) and electrospun used in other researches.84,86
The objective of this thesis is to develop metal-free catalysts for CO2ERR based on porous carbons.
Nanoporous carbons, either synthesized by ourselves or commercial ones further modified in our
laboratory were systematically examined for CO2ERR performance. The evaluation of
performance is based on an onset potential for the detected products focusing on CO and CH4,
Faradaic efficiency with respect to the detected products and current densities at various
overpotentials, stability for CO2 reduction and sample itself during reduction process and other
processes taking place in the reaction system. More importantly, the goal of our study is to identify
the key parameters influencing the CO2 reduction and thus to understand the mechanism of the
CO2 reduction process on nanoporous carbons. The performance of our catalysts is linked to their
surface texture. As mentioned in Chapter 1, the opinions on the nature of the most active sites on
metal-free CO2ERR catalysts are still controversial. The findings of this thesis intend to provide a
deeper perspective on the mechanism of the CO2 reduction on nanoporous carbons, and thus guide
a design and development of inexpensive and metal-free carbon-based catalysts with a desirable
activity and stability for the CO2 electrochemical reduction process.
To accomplish the objective, the following research approach was followed:
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(1) Development of nanoporous carbons with porosity and surface chemistry features that are
expected to be beneficial for the electrochemical reduction of CO2. The focus is on doping
nitrogen or/and sulfur heteroatoms to the carbon matrix. The aim of such modifications is
to introduce the catalytic centers and examine how the specific configurations of various
heteroatoms affects the interactions of intermediates during CO2 reduction and thus alter
the performance of the whole reduction process.
(2) Application of various techniques to characterize the surface chemical and structural
features of the prepared carbons and those after used as catalysts.
(3) Evaluation of the Faradaic efficiency and current density of detected gas-phase products
(CO and CH4) at various overpotentials on the prepared carbon electrodes. The
overpotential which shows the highest FE is further targeted to study the stability for CO2
reduction and also the decomposition degree of carbon itself.
(4) Identification of factors (surface chemical, structural feature and electric conductivity) that
affect CO2 reduction process.
(5) Propose mechanisms for CO2 electrochemical reduction on nanoporous carbons.
The research approach described above are illustrated throughout this thesis and the brief contents
of each chapter are listed below:
Chapter 3 includes the preparation of the materials and their evaluation as the CO 2 reduction
catalysts. The techniques used for their surface characterization are also described in this chapter.
Based on the doped heteroatoms into the carbon matrix, they are classified into three series: sulfurdoped carbons, nitrogen-doped carbons, and sulfur and nitrogen-codoped carbons.
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Chapter 4 describes the CO2 electrochemical performance of a sulfur-doped nanoporous carbons.
For comparison, an activated carbon that does not contain any sulfur or nitrogen heteroatoms was
also examined. This chapter focuses on the role of sulfur heteroatom in the CO2ERR performance.
The content of sulfur, its specific chemical configurations, surface acidity, pore structure, and
morphological features are extensively examined.
Chapter 5 describes the CO2 electrochemical performance of nitrogen-doped nanoporous carbons.
Two series of nanoporous carbons are examined: wood-based activated carbons and molten-salt
synthesized carbons. The chapter focuses on the role of nitrogen heteroatom on the CO2ERR
performance. The content of nitrogen, its specific chemical configurations, surface acidity, pore
structure, electric conductivity and other factors are extensively examined here.
Chapter 6 describes the CO2 electrochemical performance of sulfur and nitrogen-codoped--polymer-derived activated carbons and wood-based activated carbons. The content of sulfur,
nitrogen, their specific chemical configurations, surface acidity, pore structure, and electric
conductivity are extensively examined. The effects of light exposure on CO2 electrochemical
reduction on the carbons are also discussed here.
Chapter 7 summarizes the mechanisms that govern the overall CO2 electrochemical reduction on
nanoporous carbons.
Chapter 8 concludes the research and the link of the findings to the objectives, which support the
thesis.
Chapter 9 suggests an outlook for future research to advance CO2 electrochemical reduction. The
direction towards photoreduction of CO2 on metal-free catalysts is also included here.

31

Chapter 3. Materials and Methods
3.1. Materials
Three series of nanoporous carbons are studied in the thesis. The first series is based on a sulfurcontaining polymer that was carbonized and then doped with nitrogen. The second series is based
on a commercial activated carbon that was doped with nitrogen and/or sulfur. The third series of
carbons were synthesized by the molten salt method through carbonizing two organic compounds
containing nitrogen in a low melting point metal salts. The detailed preparation routes are
presented below.
3.1.1. Polymer-derived nanoporous carbons

Figure 3. 1. Poly (4-styrenesulfonic acid-co-maleic acid) sodium salt
Poly (4-styrenesulfonic acid-co-maleic acid) sodium salt (Figure 3.1) was used as a carbon
precursor. The carbon was obtained by direct carbonization of this polymer at 800 oC (the flow of
N2 was 300 mL/min and the heating rate was 50oC/min) in a horizontal furnace. The excess of
water-soluble sodium salts was removed by washing in a Soxhlet extractor with distilled water
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until a stable pH was reached. The sample was dried in oven at 120oC for 24h. This carbon is
referred to as CPS. The CPS sample was than impregnated with a urea-saturated solution and then
heat treated at 800oC in nitrogen for 30min (the flow of N2 was 100mL/min and the heating rate
was 10oC/min). The sample obtained in this way is referred to as CPSN.
3.1.2. Modified wood-based activated carbons
3.1.2.1. Nitrogen-doped activated carbons
The series of the samples studied is based on a wood-based commercial activated carbon BAX1500 (Mead Westvaco). Figure 3.2 shows the treatments applied to BAX. (1) BAX was heated to
950oC (10oC/min) held for 30 min holding at this temperature (under N2). The obtained sample is
referred to as BAX-950. (2) BAX was oxidized with 50 % HNO3 for 5 hours at room temperature,
and then washed in a Soxhlet apparatus to remove the excess of the oxidizing agent and watersoluble compounds. This process was followed be heat treatment at 950oC as described in
Procedure 1. The sample is referred to as BAX-O-950. (3) BAX was soaked in a melamine
suspension (mass ratio=1.5:1) in ethanol for 5h under stirring at room temperature. The mixture
was then boiled until the evaporation of the alcohol and dried at 120oC. As the next step, the sample
was heated at 950oC as in the treatment Procedure (1). This carbon is referred to as BAX-M-950.
(4) The sample BAX-M-950 was then further oxidized with 50% HNO3. This sample is referred
to as BAX-M-950-O.
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Figure 3. 2. A schematic summary of the treatments applied to initial BAX carbon
3.1.2.2. Nitrogen and sulfur-codoped activated carbons
The BAX carbon was soaked in a thiourea suspension (mass ratio=1:1) in water for 12h under
stirring at room temperature. The mixture was then heated to evaporate of the water and dried at
120oC. As the next step, the samples were heated to 600, 800, 900 and 950oC with rate of 10oC/min
(under N2). The final temperature was kept for 30min. After carbonization, the samples were
washed with deionized (DI) water at 80oC for 4h in a beaker to remove the excess of the thiourea
and water-soluble compounds. They were filtered and continuously washed with DI water until
the pH of leachate was 7. The samples were dried at 120oC overnight. Based on the carbonization
temperature, the samples are referred to as BAX-TU-600, BAX-TU-800, BAX-TU-900, BAXTU-950, respectively.
3.1.3. Molten salt synthesized carbons
The samples were provided by Dr. Fechler from Max Planck Institute of Colloids and Interfaces.
Urea (Aldrich, 98%) and Squaric acid (Aldrich, 98.5%) were used as received without further
purification. Squaric acid, urea (molar ratio 1:2) and ZnCl2 (weight ratio squaric acid/urea-mixture:
ZnCl2 1:1) were grinded in a mortar. The homogenous mixture was then transferred into a ceramic
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crucible and heated to 700, 800, and 900°C under N2 atmosphere with a heating ramp of 2.5°C/min
using a Nabertherm N7/H chamber oven with a P300 controller. The final temperature was kept
for 1h. After carbonization, the products were grinded and stirred overnight in 1M HCl, filtered,
and washed several times with water. As last, the carbons were washed with ethanol and dried in
a vacuum oven (60°C). They are referred to as SaU-X in the thesis, where X refers to the synthesis
temperature.

3.2. Carbon characterizations
3.2.1. N2 adsorption
N2 adsorption was used to characterize a porous structure. The analysis was carried out on
Micromeritics ASAP 2020. Before each analysis, the samples were outgassed at 120°C to constant
vacuum (10-4 Torr). At these conditions, only physically adsorbed species were removed without
changing the surface chemistry. From the measured isotherms, BET specific area was calculated.
The total volume of pores, Vtot, was obtained from the volume of nitrogen adsorbed at the last
point of isotherm at P/P0 = 0.99. The volume of micropores (Vmic), volume of ultramicropores
(V<0.7nm) and pore size distributions (PSDs) were obtained using the nonlocal density functional
theory method (NLDFT).97,98 Volume of mesopores (Vmeso) was calculated from the difference
between Vt and Vmic.
3.2.2. Potentiometric titration
Potentiometric titration provides the information on the acidic properties of the carbon surface,
which includes the proton affinity distribution, and the number and the strength of the acidic
species. The titration was performed on Titrando 888 automatic titrator (Metrohm). 0.05g of
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sample was placed in a container and equilibrated overnight with the electrolyte solution (25mL
of 0.01M NaNO3). Before titration with the NaOH (0.1M), the suspension was acidified below pH
of 3.2 by addition of HCl (0.1M). The experiments were carried out in the pH range of 3–10. The
volume data is collected when the equilibrium pH was reached. To eliminate the influence of
atmospheric CO2, the suspension was continuously saturated with N2 during the measurement.
The titration curves indicate the continuum of the interacting functional groups. The experiment
data was transformed into proton binding curves, Q, which represent the total amount of the
protonated sites. The positive values of Q show the proton uptake, indicating a basic surface. The
negative values of Q show the proton release, representing an acidic surface. The amount of the
protonated sites is described by continuous pKa distribution, f(pKa) in the following integral
equation (3.1).
+∞

Q (pH) =∫−∞ 𝑞(𝑝𝐻, 𝑝𝐾𝑎 )𝑓(𝑝𝐾𝑎 )𝑑𝑝𝐾𝑎

(3.1)

The solution of this equation was obtained using numerical procedure SAIEUS (Solution of
Adsorption Integral Equation Using Splines).99,100 It applies regularization method combined
with non-negativity constraints.
3.2.3. CO2 dynamic adsorption
Assessment of the CO2 adsorption capacity at ambient pressure was carried out using a TA
Instruments (SDT Q 600). About 10mg of sample was placed in a small pan, heated up to 120°C
at a heating rate of 10 °C/min under pure N2 flow (100mL/min), and held isothermally for 2h. The
temperature was then decreased to 30°C. At this stage, the sample was saturated by N 2. Then the
gas was switched to pure CO2 with flow rate of 50 mL/min and the sample was held isothermally
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at 30°C for 2h. The weight increase (with high accuracy to three decimal places) during this stage
was considered as the amount of CO2 adsorbed on the samples.
3.2.4. X-ray photoelectron spectroscopy (XPS)
For XPS analysis of the polymer-derived nanoporous carbon, Physical Electronics spectrometer
(PHI 5700) was used with MgKα X-ray radiation (1253.6eV) as the excitation source. High
resolution spectra were recorded at a take-off angle of 45º by using a concentric hemispherical
analyzer operating in a constant-pass-energy mode at 29.35eV with a 720µm diameter analysis
area. Survey and multi-region spectra were recorded at C 1s, O 1s, N 1s and S 2p photoelectron
peaks. Quantitative analysis was done with CASAXPS software after Shirley background
subtraction. The best peak fits were obtained using mixed 30% Gaussian-Lorentzian line shapes
at the same FWHM for all fitted peaks.
For the other of carbons included in the thesis, XPS spectra were collected using the Physical
Electronics (PHI 5000) VersaProbe II spectrometer with a monochromatic AlKα (1486. 6eV)
radiation operating at 15 kV and 50 W in the analyzer chamber. Prior to analysis, all samples were
outgassed until 10-8 Torr at room temperature. High-resolution spectra of samples were detected
with the constant pass energy values of 29.35 eV and a 200 μm diameter analysis area with a takeoff angle of 45o. 117.4eV pass energy was used for the survey spectra and the calculation of surface
atomic concentration. The spectrometer energy scale was calibrated using Cu 2p3/2, Ag 3d5/2, and
Au 4f7/2 photoelectron lines at 932.7, 368.3, and 84.0eV, respectively. The SmartSoft-VP2.6.3.4
software package was used for acquisition and data analysis and Multipack software was used to
fit photoelectron spectra. A Shirley-type background was subtracted from the signals and recorded
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spectra were fitted using Gauss–Lorentz method in to determine the binding energy of the different
element core levels accurately.
3.2.5. Fourier transform infrared spectroscopy (FT-IR)
FTIR spectra were collected on a Nicolet 380 spectrometer using attenuated total reflectance (ATR)
with a diamond crystal. 64 scans were averaged, and background corrected. The experiments were
done on the powdered samples, without KBr addition.
3.2.6. Direct Current (DC) conductivity measurements
A film of a sample dispersed N-methyl-2-pyrrolidone (NMP) was coated on a 0.5cm × 0.45cm
gold interdigitated electrode. The samples were dried at 120°C for 24h to evaporate the NMP
solvent. The sheet resistance was measured with a 4-probe method using Keithley 2400 Multimeter.
Then the DC conductivity was calculated in the following equation (3.2):
1

𝜎= ∙

𝐿

𝑅 𝑊∙𝑡

(3.2)

where L is the length of the electrode, W is the wideness of the electrode, t is the thickness of the
electrode, σ is the conductivity of the material and R is the measured sheet resistance. The sample
film’s thickness was measured by a digital micrometer (Pittsburgh®). Each material was tested
three times and the average values were reported.
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3.2.7. Scanning electron microscopy (SEM)
SEM images were obtained with a Zeiss Supra 55VP at a magnification 100KX with an
accelerating voltage of 5.00kV. Scanning was performed in situ on a sample of powder without
coating.
3.2.8. Transmission electron microscopy (TEM)
HR-TEM was performed using a JEOL 2100 LaB6 instrument operating at 200kV. Analyses were
performed after the carbon samples were suspended in isopropyl alcohol and deposited on copper
grids.

3.3. Evaluations of CO2 electrochemical reduction performance
3.3.1. Electrochemical reduction of CO2
3.3.1.1. Working electrode
The working electrode was prepared by making a homogeneous slurry of an active material
(carbon catalyst) with polyvinylidene fluoride (PVDF) and carbon black (mass ratio 8:1:1) in
Nmethyl-2-pyrrolidone (NMP). A uniform 5 ± 0.2mg/cm2 catalyst was coated double sides on a
Titanium (Ti) foil (1 cm2), so the total area was 2cm2. Such prepared electrodes were dried at
100oC overnight in an oven. Since the Ti foil was fully covered by a layer of the catalyst, it was
assumed that the current generated on Ti does not affect our results in a marked way.
3.3.1.2. Two compartment H-cell
The tests were performed in an airtight two compartments three-electrode H-cell separated by the
Nafion membrane (Nafion 117). The Ag/AgCl/NaCl (3M) was used as a reference electrode and
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Pt wire as a counter electrode. The counter electrode is separated from the working electrode to
prevent any byproducts generated that can contaminate the produced formed at working electrode.
The Nafion membrane polymer contains ionic fixed charged SO3- groups leading to excellent
conductive property that allows cations to pass though.
3.3.1.3. Electrochemical measurements
The CO2 electrochemical reduction reaction (CO2ERR) was evaluated at various reduction
potentials in CO2 (ultrapure 99.99%) saturated KHCO3 electrolyte (0.1M) on VersaSTAT MC
(AMETEK, Princeton Applied Research). The resistance of the electrochemical cell was measured
before experiment using an IR compensation. A measured cell resistance was approximately 40Ω
on all the catalyst samples. After the testing, the data were corrected to remove 100% of the cell
resistance. Before the electrochemical CO2 reduction reaction, the electrodes were wetted in
KHCO3 (0.1M) for 4h with an open circuit potential (OCP) versus Ag/AgCl was recorded. Then
the cyclic voltammetry (CV) experiments were run in the potential window from 0V to -1.5V vs.
Ag/AgCl (0.61 to-0.89V vs. RHE) to test the stability with an increase in the number of cycles.
The OCP and CV measurements were performed in a N2-saturated electrolyte. Potential values are
reported versus reversible hydrogen electrode (RHE): E (vs. RHE) = E (vs. Ag/AgCl) + 0.21V +
0.059×pH (pH of saturated CO2 0.1M KHCO3 is 6.8.). Before CO2ERR, the electrolyte was purged
with CO2 for 30min and headspace of the cell for 20min. Then the chronoamperometry (CA) was
run under constant potentials between -0.3V and -1.2V vs. RHE for 6h. During the CA run, the
gas phase products from the headspace of the cathodic compartment of the electrochemical cell
were analyzed every hour using gas chromatograph (GC) (model SRI 8610C).
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Figure 3. 3. Set up for electrochemical reduction of CO2
3.3.1.4. Tafel plot
The Tafel plot was derived following Equation (3.3)101:
E-E0 = η = a + b log jco

(3.3)

where E is the applied potential, E0 is the equilibrium potential (−0.11V vs RHE for the CO2/CO)
in pH 7.0 aqueous solution, η is the overpotential for CO2/CO, b is the Tafel slope and jco is partial
current density for CO formation at various potentials.
3.3.1.5. Effect of light for CO2 reduction and band gap estimation for sulfur-containing
carbons
To study the influence of light on the CO2 reduction on the photoactive sulfur-containing samples,
the reduction process was carried in the cell insolated form light exposure for 4h. At 5h, the 150W
Xe lamp (Solar Light Co., INC, XPS-150™) was used as the irradiation source. The light shined
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on one face of the working electrode. A mirror was set facing counter electrode cell that the solar
light could reflect on the other side of working electrode. The FE of CO was monitored very 1h
using GC as described above.
In order to understand better the photoactivity of the sulfur-containing carbons. The band gap was
estimated from the impedance spectroscopy. It was carried out in a three-electrode cell using 0.5M
Na2SO4 as electrolyte, Ag/AgCl (3M NaCl) as a reference electrode, the active material as a
working electrode, and a platinum rod as a counter electrode. The working electrode was prepared
the same way as mentioned in the CO2 electroreduction experiment description. Potentiostatic
electrochemical impedance spectroscopy (EIS) measurements were performed using VersaSTAT
MC (AMETEK, Princeton Applied Research) in the frequency range of 0.05 Hz–100 kHz with a
10mV AC amplitude, at various potential vs. reference electrode, ranging from −0.90V to 0.90V
(0.69V to 1.11V vs. NHE). The initial pH of 0.5M Na2SO4 was 6.43. From the results MottSchottky plots were constructed and band gap positions were calculated.102
3.3.2. Gas chromatography (GC) for detection the products in gas phase
The gas phase from a headspace was injected into the GC column using a gastight syringe and the
separation was done on a carboxen column (Carboxen-1000, 4.57m in length, and 2.1mm in
internal diameter). The GC oven heating program was as follows: 35oC for 5min, then heating
from 35 to 220oC at a rate of 20oC/min and holding at 220oC for 5min. The carrier gas was He
with a flow rate of 30 mL/min. A flame ionization detector (FID) was used to detect hydrocarbons,
and a thermal conductivity detector (TCD) was used to detect H2 CO. CO and CH4 were the target
reduction products. Even though the concentration of CH4 was very small, its FID signal response
was calibrated in the range of product concentration by the standard concentration (R2=0.992).
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Figure 3.2 shows an example of the chromatogram obtained for headspace gases during the CO 2
reduction process. The peak of CO and CH4 was shown at retention time of 8.1 and 12.3min,
respectively. The oxygen was from residual air in the headspace of the cell after CO2 purging.

Figure 3. 4. Example of chromatograms of the headspace during CO2ERR. Copyright 2016, with
permission from John Wiley & Sons Ltd.103
3.3.3. Nuclear magnetic resonance (NMR) for detection the products in liquid phase
The composition of the electrolyte solution after CO2ERR was tested using NMR. 1H NMR data
were acquired at 298 K on a Bruker 800 MHz Advance III HD spectrometer equipped with a 5mm TCI cryoprobe. 1D 1H NMR spectra were recorded with a sweep of 16 ppm centered on the
water, 1.7s acquisition time, 2s relaxation delay, gradient excitation sculpting water suppression,
for the total of 512 scans.
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Chapter 4. S-doped Nanoporous Carbon as Catalysts for CO2ERR

This chapter presents metal-free sulfur-containing nanoporous carbon as a catalyst for the
electrochemical CO2 reduction. The polymer-derived carbon was chosen owing to the welldeveloped porous structure and a homogeneous distribution of sulfur heteroatoms on the surface
upon carbonization. In addition, by using S-containing polymer the probability that these
heteroatoms located in the wall of small pores was increased. As described in Chapter 3, the
polymer Poly (4-styrenesulfonic acid-co-maleic acid) was used as a precursor and the carbonized
material was referred as CPS. To better understand the effects of the specific surface features on
the electrochemical CO2 reduction process, a wood-based activated carbon (BAX, without sulfur
and nitrogen doping) was chosen for comparison. This chapter focuses on the role of specific
surface chemistry---sulfur species in CO2ERR. X-ray photoelectron spectroscopy (XPS) analysis
provided surface characterization in terms of sulfur to carbon ratio, the content of sulfur and
oxygen, and their specific chemical arrangement before and after CO2ERR. CO2 adsorption is
evaluated here and the role of the CO2 adsorption for the reduction process is discussed. In addition,
SEM and TEM images are also presented to elucidate the importance of morphological features
for the CO2 reduction.
Chapter 4 is based on Ref 104. The copyright permission was obtained from John Wiley & Sons
Ltd, Copyright 2016.
Wanlu Li, Mykola Seredych, Enrique Rodríguez-Castellón, Teresa J. Bandosz, Metal-free
Nanoporous Carbon as a Catalyst for Electrochemical Reduction of CO2 to CO and CH4.
ChemSusChem, 9, 606–616.
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4.1. Evaluation of the catalytic activity for CO2 electrochemical reduction
As introduced in Chapter 1.2.4, the Faradic efficiency (FE) was calculated based on the moles of
the products detected by Gas Chromatography. All potentials reported here are listed as a
reversible hydrogen electrode (RHE). The current measured in a chronoamperometry (CA) mode
is a result of all reduction reactions. The current density was calculated from the current response
recorded at different potentials taking into account the electrode area (Figure 4.1a). On the S-doped
polymer-derived carbon (CPS) the Faradaic efficiency of the CO formation was about 2% and the
onset potential (set as that at which CO was first detected using GC chromatography) for CO2
reduction to CO was -0.79V. The highest Faradaic efficiency of methane formation was 0.1% at 1.2V. At potential of -1V, there was no CO detected at BAX carbon (without sulfur-doping). The
FE of CH4 was 0.015%. The FE of methane formation on CPS was twice of that for BAX. CPS
showed a stable FE for CO formation in the first 1.5h following with a decrease at 2h (Figure 4.1d).
It is important to mention that the initial decrease in the current density was due to the CO2 mass
transport limitation to the electrodes in the absence of electrolyte stirring. 26 Once the reactants
adjacent to the electrode are consumed, the CO2 reduction rate is governed by the diffusion of
reactant from the bulk to the electrode surface. Thus a steady current density is observed afterwards.
Apparently, this material showed the catalytic activity for CO2 reduction, however, the activity
was low. The HER (~FE of 98%) was the predominate reaction on CPS.
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Figure 4. 1. a) Stationary CO2 electrochemical reduction current densities at 0.5h; b) Faradaic
efficiency of CO formation (0.5h); c) Faradaic efficiency of CH4 formation (0.5h); d) Faradaic
efficiency of CO versus time at the potential of -0.99V vs. RHE with current density (absolute
value). Copyright 2016, with permission from John Wiley & Sons Ltd.103

4.2. Stability for CO2 reduction
The long-term stability of the catalyst was studied by performing CA experiments at -0.99V
(Figure 4.2). CPS exhibited a stable current density throughout the reduction time for 17h. It is a
good results taking into account that many polycrystalline metals deactivate in the minute
timescale in this catalytic process.40,41 For instance, nanostructured silver lasted for 8h43 and
nitrogen-doped carbon nanofiber lasted for 9 h84 for CO2 reduction. A detachment of the active
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electrode material from Ti (current collector) was observed at the end of the experiment, which
may due to the formation of H2 during the reduction process.

Figure 4. 2. The long stability of the CPS catalyst at -0.99V vs. RHE.

4.3. Testing the dynamic CO2 adsorption
The affinity of the gas to the surface can be an important factor for CO2 electroreduction. The CO2
uptake curves were measured at 30oC on the carbons tested (Figure 4.3). Various factors contribute
to CO2 adsorption.104 They include a porous structure as well as their polarity and specific
chemistry. It has been reported that CO2 is mainly physically adsorbed on carbons.105 The amounts
adsorbed on CPS was comparable to those reported on other carbons.106–108 The results indicated
a larger amount of CO2 was adsorbed on the CPS carbon in comparison to that on BAX. This
might be beneficial for the reduction process.
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Figure 4. 3. CO2 uptake curves on CPS and BAX carbons at 30°C.

4.4. Evaluation of porosity
As discussed in the Introduction, it was found that a highly curved internal surface greatly
enhanced the electrochemically active surface area when nanostructured metals were studied as
electrocatalysts.43 In addition, the high dispersion of catalytically active metal nanoparticles on the
surface of carbonaceous supports increased their activity for CO2 adsorption and its further
reduction to CH4. This was linked to an enhancement in the active surface area.56,60,109 The
polymer-derived carbon catalysts not only have the high surface areas, but they also can provide
the specific chemical groups located in their pore system/distributed on the surface. The
parameters of the porous structure calculated from nitrogen adsorption isotherms are summarized
in Table 4.1. Both CPS and BAX have a high surface area with 46%-48% of the pore volume in
micropores. Although BAX have a marked volume of ultra-micropores (<0.7 nm), their volume is
about 47% smaller than that of the polymer-derived carbon, CPS. The high ultra-micropore volume
of CPS could be one of the reasons for its higher CO2 uptake (Figure 4.4b). The role of porous
structure in the CO2 reduction process is discussed extensively in Chapter 5.
48

Figure 4. 4. a) Nitrogen adsorption isotherms measured at -196oC and b) Pore size distributions
for the CPS and BAX.
Table 4. 1. The parameters of porous structure for CPS and BAX carbons

Sample

SBET
(m2 g-1)

Vt
Vmeso
V<0.7nm
V<1nm
Vmic
Vmic /Vt
(cm3 g-1) (cm3 g-1) (cm3 g-1) (cm3 g-1) (cm3 g-1)

CPS

1523

1.354

0.728

0.235

0.398

0.626

0.46

BAX

1541

1.074

0.554

0.159

0.277

0.520

0.48

4.5. Testing surface acidity/basicity of carbon catalysts
Hori et al.110 studied the effect of a local electrolyte pH on the CO2 reduction. They found that
hydrogen evolution reaction was suppressed under a high local pH of an electrolyte. However,
there are no studies on the effect of pH of a catalyst surface on the CO2 reduction process. The
proton uptake curves (Figure 4.5) show that the CPS sample is predominantly acidic. Table 4.2
presents surface pH and the distributions of acidity constants. The peals represent the populations
of strongly (pKa < 7) and weakly acidic (pKa > 7) species containing oxygen and sulfur
heteroatoms.111,112 The CPS sample indeed has the higher number of acidic groups than has BAX.
49

They have pKa of about 4.7 and 6.0, which are likely representing the carboxylic groups.112 While
CPS was predominantly acidic, BAX carbon showed a marked number of proton accepting groups
and its surface pH was close to neutral.

Figure 4. 5. a) Proton binding curves and b) pKa distributions for the initial carbons
Table 4. 2. Surface pH values, peak positions and numbers of groups (in parentheses, (mmol/g))
for CPS and BAX carbons

Sample pH
CPS

4.50

BAX

7.42

pKa 4-5

pKa 6-7 pKa 7-8

pKa 8-9

pKa 9-10

4.72
(0.115)
4.67
(0.058)

6.28
(0.165)
6.05
7.06
(0.069) (0.099)

8.13
(0.093)
8.90
(0.135)

9.49
(0.155)

pKa 10-11

All
(mmol/g)
0.528

10.47
(0.108)

0.469

4.6. Morphological features affecting CO2 reduction performance
SEM and TEM images of the carbons provide details about their morphological features. The SEM
and HR-TEM images (Figure 4.6 and 4.7) show the differences in the morphology of the polymer-

50

derived carbon CPS and BAX. In the texture of CPS pores with the size in the range of few hundred
nanometers are seen. On the other hand, these pores are not visible on the surface of the BAX
sample. The large pores in the polymer-derived carbons made molecule CO2 transfer easier to the
small pores where adsorption potential is the strongest. Thus, they might enhance the overall CO2
reduction process. Moreover, based on the orientation of the distorted graphene layers seen in HRTEM images, the CPS carbon showed a longer-range orientation of the graphene units than did
BAX. These differences can be linked to the differences in direct current (DC) conductivity. The
measurements showed that the conductivity of the polymer-derived carbon (31.9 ± 0.7 S m-1) is
four orders of magnitude greater than that of BAX (4.6x10-3 ± 0.3x10-3 S m-1). This might affect
the reduction reactions that involve the electron transfer through the electrode surface.

Figure 4. 6. SEM images of S-doped carbon CPS and wood-based activated carbon BAX,
Copyright 2016, with permission from John Wiley & Sons Ltd.103
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Figure 4. 7. HR-TEM images of S-doped carbon (CPS) and wood-based activated carbon (BAX).
Copyright 2016, with permission from John Wiley & Sons Ltd.103

4.7. Role of sulfur species on CO2ERR
To understand the role of the specific surface chemistry in the CO2 reduction on our carbon
catalysts, the surface chemistry of the initial samples and those used as the electrocatalysts
(assigned with CO2) was extensively characterized by XPS. This method can help us to derive the
mechanism of the reduction process and to determine the role of heteroatoms, specifically sulfur
in this process.
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The content of elements in atomic percent and the deconvolution of the C 1s, O 1s and S 2p core
energy level spectra are presented in Tables 4.3 and Table 4.4, respectively. As expected, CPS
contained mostly carbon and some oxygen and a small amount of sulfur. BAX consisted of mainly
carbon with few oxygen and phosphorus atoms on the surface. After CO2 reduction the oxygen
content of CPS increased dramatically. Therefore, CO2 reduction process on the polymer-derived
carbon as a catalyst led to a visible surface oxidation. Besides, there was no significant difference
in the content of sulfur. Thus the involvement of sulfur in the CO2 reduction, if any, could be only
linked to the change in their chemical compositions.
Table 4. 3. Atomic concentration of elements on the surface determined by XPS for the carbons

Sample
CPS
CPS-ER
*
BAX

(atomic concentration %)
C
O
S
92.9
6.6
0.5
81.6
10.9
0.7
95.0
4.5

P

F*
6.8

0.5

*

XPS results for BAX heated at 800 oC during 3h reintroduced are taken from reference.113 The

lower carbon content in the used sample is due to the addition of the binder (florine contribution).
The results of the deconvolution of C 1s, O 1s and S 2p core energy level spectra are given in
Figure 4.8 and Table 4.4. The amount of C=O and O-C=O groups in carboxylic configurations
play a key role in governing surface acidity. Since CPS had more groups in carboxylic
configurations than had BAX, it resulted in its more acidic surface. In addition, the acidity/basicity
level can be also related to the specificity of sulfur-containing groups. The existence of sulfones
could contribute to the acidic surface of CPS. The surface chemistry changed dramatically after
the electrochemical reduction of CO2. After CO2 reduction, some carbon atoms were oxidized to
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carbonyl and carboxyl groups. The deconvolution of S 2p core energy levels spectra indicate that
most of sulfur existing as thiophenes, was oxidized to sulfones after CO2 electroreduction.

Figure 4. 8. C 1s, O 1s and S 2p core energy levels for the S-doped polymer-derived carbon
(CPS). Copyright 2016, with permission from John Wiley & Sons Ltd. 103
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Table 4. 4. The results of deconvolution of C 1s, O 1s and S 2p core energy levels (atomic
concentration in %)103

Energy, eV
C 1s
284.8
286.2
287.3-287.6
288.8-289.2
290.6
O 1s
531.5-532.1
533.3-533.6
534.9-535.4
S 2p3/2
163.4-164.2
168.1-168.5

Bond assignment

CPS

CPS-ER BAX*

C-C (sp2, graphitic carbon)
C-O, (phenolic, alcoholic, etheric)
C=O (carbonyl or quinone)
O-C=O (carboxyl or ester)
Carbonate, occluded CO, electrons
in aromatic ring

66.2
14.3
5.9
3.9

50.8
15.9
7.7
4.7

2.6

2.5

2.5

6.3

1.6

3.7

4.3

2.6

0.4

0.3

0.3

0.34
0.16

0.16
0.54

ND
ND

O=C/O=S (in carboxyl/carbonyl or
sulfoxides/ sulfones)
O-C/O-S (in phenol/epoxy or
thioethers/sulfonic)
water or chemisorbed oxygen
species, C=O (occluded CO or CO2)
in thiophene configurations
R-SO2-R (in sulfones)

77.0
11.2
4.0
2.6

*

XPS results for BAX sample are reintroduced from reference.113

As indicated in the introduction, the first step of CO2 reduction is the formation of the CO2·/COOH* intermediate. The theoretical114–116 and experimental84,117 studies showed that the
positively charged carbon atoms are catalytically active. During the CO2 reduction process, the
intermediate is likely stabilized on the positively charged sites in the aromatic rings. The reductive
cathodic current results in transfer of electrons to CO2. -/COOH*, reducing it to the adsorbed CO.
Afterwards, the carbon regains its positive charge. Both gaining and losing electron processes
occur subsequently at the positively charged carbon atoms, which finally get oxidized. In the case
of CPS, thiophenic-S brings negative charge density to carbon matrix,118,119 its adjacent carbon
atom becomes positively charged. That positively charged carbon stabilized CO2·-/COOH*
intermediate, which was further reduced to CO. As results, sulfur in thiophenic configuration was
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oxidized to sulfone during the CO2 reduction process by the byproducts from CO2 reduction to CO
and CH4. In summary, the positively-charged carbon atoms induced by thiophenic-S configuration
are beneficial for the CO2 electrochemical reduction.
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Chapter 5. Nitrogen-doped carbons as catalysts for CO2ERR
Nitrogen-doped carbon-based materials become one of the most intensively studied
electrocatalysts for various processes. As introduced in Chapter 1, nitrogen-doped carbon
nanotubes,84,86,87,120 nitrogen-doped graphenes89–92 have been studied as metal-free catalysts for
CO2 electrochemistry reduction recently. The catalytic sites in the carbon structure, which are
active for CO2 reduction, are still under debate. Indication of pyridinic and/or quaternary
(graphitic) nitrogen configurations as active sites were reported in the literature,84,86,87,89–92,120
however, there could be other active sites to be found. This chapter is focused on studying two
series of nitrogen-doped nanoporous carbons---wood based activated carbons (referred as BAX)
and molten salt synthesized nanoporous carbons (referred as SaU).
To introduce nitrogen heteroatoms to carbon matrix, the common methods include incorporating
carbon matrix using various N-containing precursors (such as melamine, urea, polyaniline)121,122
or treating carbons with NH3 or amines123. The speciation of nitrogen functionalities is determined
by the nature of N-containing precursors and the temperature of carbonization/heat treatment124.
At relatively low temperatures (400 - 700oC), amides, amines and cyano groups tend to exist on
the carbon surface. At a high temperature treatment (>700oC) nitrogen would be dominant in the
forms of pyridinic-N, quaternary-N, pyrrolic-N and pyridine-N-oxide. Since pyridinic and
quaternary nitrogen in carbon-based materials were found to be active for CO2 electrochemical
reduction, nitrogen incorporation with high temperature treatments was applied to improve the
properties of carbons as catalysts for CO2 reduction in these studies.
Another configuration, pyrazinic nitrogen, attracted our attention since it possesses a similar
structure to that of pyridinic-N. Besides, there are two pyazinic-Ns in a ring unit, which doubled
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the amount of nitrogen compared to pyridinic-N structure. It might also affect the mechanism of
the reduction process owing to the proximity of these two N-C bonds in this particular chemical
species. The role of this configuration is hardly known in CO2ERR since the carbon with pyrazinicN has been synthesized only recently.125,126
These two synthesized methods lead to different porous structure, surface chemistry of carbon
materials resulting in different performance for CO2 reduction. For the first series---wood based
activated carbon BAX, a schematic illustration of the treatments applied to the samples is provided
in Figure 3.2. The role of nitrogen as dopants-especially in pyridinic-N configuration, the role of
porosity and acidity in performance for CO2ERR will be extensively studied based on this series
of carbons. For the second series molten salt synthesized nanoporous carbons SaU, the preorganized precursor (squaric acid and urea) was heated to various temperature to tune the amount
of the pyrazinic-N on the carbon surface (described in Chapter 3.1.3). As a result, the microporous
carbons containing pyrazinic-N along with pyridinic-N were studied as CO2 electroreduction
catalysts. The role of pyrazinic-N and quaternary-N will be discussed in detail for this series of
carbons.
Chapter 5 is a slightly revised version of the following articles, with permission from Elsevier,
Copyright 2017.127
W. Li, B. Herkt, M. Seredych, T.J. Bandosz, Pyridinic-N groups and ultramicropore nanoreactors
enhance CO2 electrochemical reduction on porous carbon catalysts, Appl. Catal. B. 2017, 207
(2017) 195–206.
Li, W.; Fechler N; Bandosz, T. J. Multifunctional nitrogen-sites in porous carbons provide high
stability of CO2 electroreduction catalysts. Appl. Catal., B., submitted.
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5.1. Evaluation of the catalytic activity for CO2 electrochemical reduction
5.1.1. Wood-based activated carbons (BAX)
N-doped BAX-M-950 and it oxidized counterpart BAX-M-950-O were investigated as first from
the series of modified BAX carbons. The trends in FE for CO and CH4 at various potentials
calculated at 4h reduction process is shown in Figure 5.1a and 5.1b. Both onset potentials for BAXM-950 and BAX-M-950-O were at -0.36V, which corresponds to the overpotential of 0.25V for
CO formation. BAX-M-950 reached the maximum FE of ~ 24% at -0.66V and then it decreased
at more negative potentials. The FE of CH4 showed a similar trend to that for CO at various
potentials. The highest FE was -0.76V with FE of 0.75%. The oxidized BAX-M-950-O sample
showed the similar maximum FE for CO (25%) and CH4 (0.79%) as did BAX-M-950, however,
the highest FEs were found at more negative potentials than those for BAX-M-950. The current
densities for these two carbons were very similar in the CO2 saturated electrolyte. It is worth to
mention that liquid products were also detected by 1H NMR (Figure A5.1). Trace amount of formic
acid and methanol in the electrolyte were found after 48h reduction on BAX-M-950 in CO2
electrolyte. The amounts of these products were not evaluated precisely since this work focused
on the detection of CO and CH4.

59

Figure 5. 1. a) Faradaic efficiency of CO; b) Faradaic efficiency of CH4 formation; c) stationary
CO2 electrochemical reduction current density for BAX-M-950 and BAX-M-950-O studied at
different potentials at 4h reduction. Copyright 2017, with permission from Elsevier.127
5.1.2. Molten salt synthesized carbons (SaU)
In the case of SaU samples, CO and CH4 were detected as reaction products during CO2ERR.
Figures 5.2a and 5.2b show the FE of CO and CH4 at various potentials at the 6h reduction process,
respectively. SaU-900 catalyzed the CO formation starting at -0.37V, corresponding to the
overpotential of 0.26V. The FE of CO formation on SaU-900 reached 21% at -0.75V and 22% at
-0.85V vs. RHE. At more negative potentials the FE of the CO formation decreased. In addition,
CH4 showed the maximum FE of 0.35% at -1.0V vs RHE. On SaU-800, the onset potentials for
both CO and CH4 formation were 0.1V more negative than those on SaU-900. Besides, the
maximum FE (at -0.75V) for CO was smaller than that on SaU-900 at the same potential. However,
both SaU-800 and SaU-900 exhibited the similar FEs for the CH4 formation at a potential range
from -0.5 to -0.9V vs. RHE. At -0.75V, the FE of CH4 was even higher on SaU-800 than that on
SaU-900. The ratio of the FE of CH4 formation to that for CO clearly indicates that SaU-800
favored the former. SaU-700 displayed a very poor Faradaic efficiency for both CO and CH4
formations. Overall, the results indicate that the order of the catalytic efficiency for both CO and
CH4 formations (onset potential and FE) is: SaU-900>SaU-800>SaU-700. The highest current
density (Figure 5.2c) at 6h on SaU-900 implies its best efficiency as the CO2 reduction catalyst.
Nevertheless, the current density was much smaller than those of BAX carbons.
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Figure 5. 2. a) Faradaic efficiency of CO; b) Faradaic efficiency of CH4 formation; c) Stationary
CO2 electrochemical reduction current density for SaU carbons studied at different potentials at
6h reduction
To find out if liquid products were formed on SaU samples, NMR analysis of the electrolytes after
CO2 reduction for 48h was carried out. The 1H NMR spectra are presented in Figure 5.3. Trace
amount of C1 products (methanol, formic acid) and C3 products (acetone, propanol) were detected
in both electrolytes of SaU-800 and SaU-900. The intensities of the peaks of SaU-800 were much
higher than those on SaU-900. Since the applied NMR measurement was the same for all samples,
the results indicated that more liquid products were formed on SaU-800 than on SaU-900. These
results, combined with the detection of CH4 in the headspace, confirmed that SaU-800 had a higher
activity for the hydrocarbons formation than did SaU-900.
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Figure 5. 3. NMR spectra of 0.1M KHCO3 electrolyte solutions before and after CO2ERR with 5%
D2O (The control is CO2 saturated 0.1M KHCO3 with 5% D2O). The peaks at 2.22(s), 3.34(s),
3.44(tri) and 8.33(s) correspond to acetone, methanol, propanol, formic acid, respectively.

5.2. Reduction pretreatment enhanced CO2ERR performance for BAX carbons
BAX-M-950 was tested at -0.66V for 24h of CO2ERR. This is the potential at which the highest
FE of the CO formation was detected. Figure 5.4 shows that the FE of CO increased from 16% to
24% in the first 4h and then decreased gradually to 15% at 24h. The current density maintained at
a steady value (-1.4 mA/cm2) throughout the test. For CH4, the trend of the FE was different from
that of CO and it kept increasing and reached 0.76% at 24h. There are two possible reasons for the
marked increase in the FE of CO formation in the first 4 hours. One is the limitation of kinetics
from the mass transport of CO2 to the surface of electrode or CO release from the surface in the
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beginning of the reduction. The other might be related to some beneficial changes in surface
chemistry of the activated carbon electrode for the CO formation during the reduction process.
To investigate the reason of the increased FE with the reduction time, a reduction pretreatment in
N2 was applied for 4h at the potential -0.66V vs. RHE before CO2ERR. Surprisingly, after this
reduction process on BAX-M-950, the FEs for both CO and CH4 increased significantly with the
maximum FE of 40% (1h) and 1.2% (6h), respectively. An increased FE of the CO formation was
still observed with an increase in the reduction time (increased 3% in 1h) but the increment was
much smaller than that without the reduction pretreatment. Therefore, under the same mass
transport conditions, the marked FE differences before and after the pretreatment reduction of
BAX-M-950 suggests that the reduction pretreatment process favored the CO2 reduction for BAX
carbons.

Figure 5. 4. Faradaic efficiency of CO (solid black lines) and CH4 (dashed red lines) formation at
the potential -0.66V vs. RHE with (solid dots) and without (hollow dots) the reduction
pretreatment (in N2) for BAX-M-950. Copyright 2017, with permission from Elsevier.127
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To account for all current delivered to the system, the extent of hydrogen evolution was tested on
the best preforming initial and reduction pretreated sample, BAX-M-950. An additional letter “R”
was added to the pretreated sample name. As seen in Figure 5.5, the pretreatment also slightly
increased the efficiency for HER. The total Faradaic efficiency was accounted for 85% after 48h
reduction for pretreated BAX-M-950. Thus 15% of the Faradaic efficiency could not be accounted.
Taking into account the specificity of our system, this discrepancy can be due to: 1) Since BAXM-950 exhibited with a capacitance of 92 F g-1 in a 0.1M KHCO3 electrolyte (potential window
0.74V to -0.76V vs. RHE), some charge was stored in the pore system of the carbons; 2) Owing
to the high porosity of the catalysts some products could be adsorbed in the pores and therefore
they were not detected in the headspace; 3) As shown in the NMR analysis of the electrolyte, some
liquid products (formic acid and methanol) in the solution were detected. Even though the
quantification of them was not focused in the study, the results are helpful to account for the current
delivered to the system.

Figure 5. 5. a) The FE of formation of CO, CH4 and H2 on the initial BAX-M-950 sample and b)
reduction pretreated sample. Copyright 2017, with permission from Elsevier.127

64

5.3. Stability for CO2 reduction
5.3.1. Wood-based activated carbons

Figure 5. 6. a) Faradaic efficiency for CO; b) Faradaic efficiency for CH4 formation during CO2
reduction at the potential -0.66V vs. RHE after reduction pretreatment in N2; c) The comparison
of the CO FEs for the materials studied at the potential of the best performance of BAX-M-950.
Copyright 2017, with permission from Elsevier 127
The electrochemical performance in a long-time CO2 reduction was tested for the four modified
carbons after the reduction pretreatment in N2. The results are collected in Figure 5.6. BAX-950
showed a very poor catalytic activity of CO2 conversion to either CO or CH4. The FE of CO
formation on BAX-O-950 (20%) and BAX-M-950-O (30%) was less than on BAX-M-950 at the
beginning of 6h reduction. Interestingly, for CH4 formation at the beginning of the CO2ERR
process (3h), BAX-O-950, BAX-M-950 and BAX-M-950-O exhibited a similar FEs. The FE of
CH4 formation on BAX-M-950-O was lower than were those on BAX-O-950 and BAX-M-950
after 3h of the CO2ERR process. Figure 5.6c displays the comparison of the CO FE at 1h of the
reduction process and the CH4 FE at 6h of reduction. Overall, the results indicate that the order of
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the FE of the CO and CH4 formation was BAX-M-950> BAX-M-950-O> BAX-O-950 > BAX950, and BAX-M-950> BAX-O-950 > BAX-M-950-O>BAX-950, respectively.
5.3.2. Molten salt synthesized carbons
The stability of the SaU samples in CO2ERR was tested at -0.75V vs. RHE for 48h (Figure 5.7).
For SaU-900, the FE of CO increased from 4% (at 1h) to 21% (at 6h). For SaU-800, FE of CO
increased from 4% (at 1h) to 15% (at 6h). Both showed an increased FE during the first 6h and
then the FE remained stable throughout the whole reduction process. This phenomenon suggests
that the catalysts were still active for the CO formation after the two-day reduction process.
Besides, the FE of CH4 for SaU-800 and SaU-900 reached its maximum at 6h reduction and then
gradually decreased. For SaU-700, there were only small amounts of CO (FE of 2%) and CH4 (FE
of 0.02%) detected at the 48h reduction process.
Since the SaU-900 sample showed best performance with respect to CO, it was further tested for
a four-day reduction process (96 hours). As shown in Figure 5.7c, the FE of CO remained at 15%
level, which was the best stability among all nanoporous carbons we have studied so far.103,127 As
shown above, the FE of CO for wood-based carbon127 dropped from 39% (at 1h) to 15% after 48
hours of the reduction process. The extent of HER was also tested on the best performing material
SaU-900. As seen in Figure 5.7c, the total Faradaic efficiency accounted for 80% at 6h reduction
with the 20% of Faradaic efficiency remained unaccounted. The reasons for this might be the same
to those discussed in Chapter 5.2 for the wood based carbons.
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Figure 5. 7. a) Faradaic efficiency for CO; b) CH4 formation during CO2 reduction; c) current
density and FE of detected gas phase of SaU-900 for 4 days at the potential -0.75V vs. RHE

5.4. The relationship between CO formation and CH4 formation
For the BAX series of samples, the amount of CH4 formed was compared to the amount of CO
detected after 24h of CO2ERR for BAX samples (Figure 5.8). A linear trend between the amounts
of CH4 and CO suggests that the formation of CH4 was greatly affected by the CO formed on the
carbon surface. In the mechanism, CO* was proposed to be a key intermediate in the formation of
CH4 following the reduction of CO2 on copper.128 The findings on nanoporous carbon also
supported this hypothesis.
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Figure 5. 8. The dependence of the amount of CH4 formed on the amount of CO formed at 24h
of CO2 reduction. Copyright 2017, with permission from Elsevier. 127

5.5. Stability of the carbon surface
5.5.1. Wood-based activated carbons
The decomposition of the carbon catalysts themselves could occur during reduction when a
negative potential is applied. The carbons were tested for the release of both CO and CH4 after
reduction pretreatment at -0.66V vs. RHE without CO2 in the electrolyte. Instead, the electrolyte
was saturated with N2. The highest amount of CO (FE of 0.5%) was released from the surface of
BAX-O-950 starting from 6h. For BAX-M-950, which showed the best performance for CO2
reduction, CO was detected at 48h with FE of 0.2%. A trace amount of CH4 was detected in the
case of all N-doped wood-based carbons through the whole electrochemical process (Figure. 5.9).
It is important to mention that both amount of CO and CH4 released from the carbons during the
reduction under N2 were almost negligible compared to those detected during CO2 reduction. This
indicates a good stability of these carbon catalysts under the reduction conditions.
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Figure 5. 9. a) Faradaic efficiency of CO and b) CH4 formation in N2-saturated electrolyte after
reduction pretreatment in N2 at the potential -0.66V vs. RHE. Copyright 2017, with permission
from Elsevier.127
5.5.2. Molten salt synthesized carbons
The decomposition of SaU samples was tested in N2 saturated electrolyte at -0.75V vs. RHE. As
shown in Figure 5.10, all SaU samples were chemically very stable and small amounts of CO were
first detected only after 48h reduction. The SaU-900 sample, which showed the best performance
for CO2ERR released the least CO (FE 0.33%). On SaU-700, the FE of the CO formation after the
48h reduction process was 1.5 %. A trace amount of CH4 was detected on all SaU samples. SaU800 showed the highest degree of the decomposition with the FE of methane formation 0.02% at
24h and 0.025% at 48h, which is much smaller than that on the wood-based carbon BAX-M-950
(0.06% at 48h). The surfaces of the SaU samples series were the least susceptible to decompose
when exposed to reducing current among all nanoporous carbons we have tested so far.103,127
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Figure 5. 10. a) Faradaic efficiency of the CO and b) CH4 formation in N2-saturated electrolyte at
the potential -0.76V vs. RHE.

5.6. Comparison of current density in CO2 and N2-saturated electrolyte
The current density in the N2 saturated electrolyte can be fully linked to the hydrogen evolution
reaction (HER). Thus, by comparing the values of the current density on the carbons studied, it is
possible to evaluate the extent of hydrogen evolution reaction since the current density in the CO2
saturated electrolyte contributes to both HER and CO2 reduction reactions. The differences in the
current densities measured during the reduction processes in the CO2 and N2 saturated electrolytes
could indicate the extent of CO2 reduction, however, it is not a direct evidence that the increment
comes from this process. This is because the increased current could also represent a higher extent
of HER. A decreased pH in the presence of CO2 can enhance the latter reaction. The pH of the N2
and CO2 saturated 0.1M KHCO3 electrolyte, 8.3 and 6.8, respectively. In the study of BAX and
SaU, the largest current density difference was observed for BAX-M-950 and SaU-900, which is
consistent with the trends in the FE of the reduction products. It also indicates that these two series
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of carbons were not very sensitive to HER caused by a decrease in the pH of the electrolyte after
its saturation with CO2.

Figure 5. 11. a) The comparison of the current densities for BAX carbons in N2 and CO2
saturated electrolyte at the potential -0.66V vs. RHE; b) The comparison of the current densities
for SaU carbons in N2 and CO2 saturated electrolyte at the potential -0.76V vs. RHE. Copyright
2017, with permission from Elsevier.127

5.7. Porosity: Ultra-microporosity is important for hydrocarbons formation but it is
not a predominant factor governing CO formation.
The parameters of the porous structure of nitrogen-doped carbons calculated from the nitrogen
adsorption isotherms are presented in Table 5.1. BAX carbons were micro/mesoporous with 3854% micropores in the total pore volume. The treatment with melamine followed by a high
temperature heating increased the volume of ultramicropores as a result of a partial gasification of
the carbon. This treatment also resulted in the removal of carbon atoms from the pore walls, which
led to the decreased the surface area. In the case for SaU samples, micropore volumes consist of
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between 92 and 94% of the total pore volumes. An increase in the carbonization temperatures
resulted in a decrease in the volume of micropores and in the surface area.
Table 5. 1. The parameters of the porous structure for the BAX and SaU carbons

1

Sample

SBET
(m2/g)

Vt
(cm3/g)

Vmeso
(cm3/g)

V<0.7 nm
(cm3/g)

V<1 nm
(cm3/g)

Vmic
(cm3/g)

Vmic/Vt

BAX-950

1533

0.951

0.509

0.110

0.201

0.442

0.46

BAX-O-950

1404

0.811

0.377

0.084

0.207

0.434

0.54

BAX-M-950

1494

1.032

0.637

0.146

0.195

0.395

0.38

BAX-M-950-O

1440

0.995

0.611

0.145

0.198

0.384

0.39

SaU-700

13161

0.499

0.037

0.300

0.354

0.462

0.93

SaU-800

12181

0.464

0.028

0.270

0.331

0.436

0.94

SaU-900

10531

0.443

0.035

0.219

0.275

0.408

0.92

NLDFT method.

Pore structure is one of the main physical properties that could determine the extent of the
adsorption and catalytic reactions. To evaluate the role of porosity in the CO2 reduction, the
changes reduction efficiency with variations in the porosity of carbons were studied (Figure 5.12).
For BAX samples, volumes of ultramicropores in BAX-M-950-O and BAX-M-950 were similar,
however, their electrochemical performance, especially for the CO formation, differed and the
latter sample outperformed the former (Figure. 5.1). This suggests that the ultramicroporosity is
not a predominant factor affecting the electrochemical reduction of CO2. It seems that the surface
chemistry might be crucial for the electrochemical conversion of CO2 to CO. The difference in the
performance might be also related to the incorporation of oxygen containing groups or oxidation
of the species in micropores, which might be caused by the HNO3 treatment. Such functionalities
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can affect the catalytic activity or block the pores for the CO2 molecules limiting their access to
the catalytic centers. Nevertheless, the maximum FEs for CH4 and CO reduction on BAX-M-950O and BAX-M-950 were very similar although the potential at which it happened was more
favorable on the latter sample. It is also important to mention that based on Pore Size Distributions
(Figure 5.12) these two best performed carbons had the smallest pores (~ 0.5 nm) among all BAX
carbons tested. Thus the strong adsorption of reactants in the pores should not be neglected in
analyzing the mechanism of CO2 reduction. The strongly adsorbed CO in the ultramicropores with
the polarity provided by heteroatoms, likely accepts both electrons and protons simultaneously and
hydrocarbons were formed. Lack of very small pores in the case of NCNTs where CO could be
strongly adsorbed contribute to the lack of hydrocarbons formation in this material.86
It is important to mention that SaU-700 which showed the highest surface area and most developed
microporous structure among all SaU samples tested, showed the lowest catalytic activity for
CO2ERR. This might be related to another important factor that influences the CO2ERR--electrical conductivity, which will be illustrated in detail in the following section.
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Figure 5. 12. a) N2 isotherm of BAX carbons; b) Pore size distributions of BAX carbons; c) N2
isotherm of SaU carbons; d) Pore size distribution of SaU carbons

5.8. Significant effect of direct current (DC) conductivity for CO2ERR
Another important factor that influences the CO2ERR is the electric conductivity. The study was
focused on the SaU samples since the carbons were obtained at various temperatures leading to
dramatic differences in the DC conductivity. Table 5.2 includes the resistance of each material
coated on a gold interdigitated chip. The resistance of SaU-700 was three orders of magnitude
higher than that of SaU-800. The low conductivity of the SaU-700 sample might hinder the
reduction process, since the reduction process involves electrons transfer to the electrode surface,
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which is one of the factors driving the reduction reactions. The lower the conductivity of a material,
the lower is the electric current transferred in the reduction system. Thus, the smallest FE of SaU700 for CO and CH4 formation, despite its favorable porous structure, can be linked to its limited
electric conductivity.
Table 5. 2. Resistance of the chips made of the SaU carbons

Sample

Resistance (Ω)

SaU-700

2.3×106

SaU-800

2×103

SaU-900

51

5.9. Insignificant effect of the trace amount of metals on CO2ERR
Metal impurities (such as Ni, Fe, Mn, and Cu) in graphite, graphene oxide and carbon nanotubes
have been systematically studied as affecting the activity for the CO2 reduction.62,129,130 Knowing
that even trace amount of metals can catalyze the CO2 reduction, the ash content of the woodbased activated carbon BAX was determined to be 4.5 %. The main constituent of ash were silica
and iron oxides in the fraction of percent (<0.1 %).131,132 If this process indeed takes place, a
counter argument against the role of ash in BAX was a very low catalytic activity on BAX-950-R
(Figure 5.6).
In the case of SaU sample, the molten salt synthesis involved the use of ZnCl 2. Thus the content
of zinc on the surface was determined by XPS and it was found to be 0.26 at.%, 0.52 at.% and 0.55
at.% for SaU-700, SaU-800 and SaU-900, respectively. Since both SaU-800 and SaU-900 had
similar zinc content, the enhanced activity of the latter sample should not be linked to this impurity.
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In addition, trace amount of zinc has not been reported as catalytically active for CO2 reduction up
to now.

5.10. Effects of surface acidity for CO2ERR performance
To evaluate the influence of acidity/basicity of the catalysts on CO2ERR, the surfaces of the initial
carbons were studied using the potentiometric titration. Table 5.3 summarizes the pKa distributions
of the species present on the carbons’ surfaces along with the surface pH values. Proton binding
curves and pKa distributions are presented in Figure 5.13. For BAX carbons, BAX-950, BAX-O950 and BAX-M-950 have similar surface pH values since most of oxygen containing groups
(carboxylic acids, lactone and anhydride) were expected to decompose at 950 oC.96 BAX-M-950O showed a significant increase in its acidity, which was due to the oxidation process. Its total
acidic groups on the surface was twice higher than that on BAX-M-950. The acidic surface of
BAX-M-950-O might be related to the presence of nitro-type complexes (pKa 9-10) and carboxylic
groups (pKa 4-5).112
Among the SaU samples, SaU-700 showed the lowest acidity with the highest pH values. SaU800 and SaU-900 had the similar surface pH values. The amount of strong acid groups on the
surface of SaU-800 (0.373 mmol/g) was much higher than that on SaU-900 (0.120 mmol/g). An
increase in the carbonization temperature resulted in a decrease in the numbers of carboxylic
groups, which is attributed to the higher degree of carbonization with an increasing temperature.
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Figure 5. 13. a) Proton binding curves of BAX carbons; b) pKa distributions of BAX carbons; c)
Proton binding curves of SaU carbons; b) pKa distributions of SaU carbons
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Table 5. 3. Surface pH values, peak positions and numbers of groups (in parentheses, [mmol/g])
for the material studied127

Sample

Strong
Surface
All
acidic
pKa 4-5 pKa 5-6 pKa 6-7 pKa 7-8 pKa 8-9 pKa 9-10 pKa 10-11
pH
groups groups
(pKa<7)

BAX-950

7.35

4.05
5.37
6.71
7.57
(0.074) (0.045) (0.106) (0.088)

BAX-O-950

7.29

4.04
5.29
6.24
7.17
8.64
(0.086) (0.038) (0.051) (0.085) (0.115)

BAX-M950
BAX-M950-O

7.39
5.83

SaU-700

4.37

SaU-800

3.80

SaU-900

3.59

4.45
(0.094)
4.34
(0.137)
4.30
(0.257)
4.41
(0.210)
4.42
(0.120)

5.59
(0.039)
5.31
(0.080)
5.43
(0.082)
5.95
(0.163)

6.60
(0.084)
6.65
(0.115)
6.08
(0.108)

7.84
(0.088)
7.88
(0.091)
7.58
8.94
(0.168) (0.205)
7.56
(0.450)
7.67
(0.772)

9.14
(0.112)

9.34
(0.154)
9.33
(0.208)
9.91
(0.413)
9.36
(0.343)
9.87
(0.233)

10.31
(0.233)

0.658

0.225

10.00
(0.214)

0.588

0.178

0.510

0.305

0.901

0.332

1.232

0.447

1.470

0.373

1.126

0.120

10.41
(0.051)
10.41
(0.270)

10.62
(0.303)

Based on the results of the electrochemical measurement, the formation of CO and CH4 on the
acidic N-doped carbon BAX-M-950-O occurs at higher overpotentials than on neutral BAX-M950 (Figure. 5.1). The acidic carbon BAX-M-950-O also showed the highest current density in the
N2-saturated electrolyte (Figure. 5.11a), which indicates the high extent of HER. These results
suggest that the electrochemical reduction of CO2 is less favorable on an acidic surface. From all
SaU samples, SaU-800 showed a lower extent of the CO formation than did SaU-900. The smaller
catalytic activity of the former sample for the CO formation might be liked to its surface acidity,
which promotes the competing HER.103,127 On the other hand, a higher ratio of the hydrocarbons
to CO formation of SaU-800 indicates that the strong acidic surface might help the protonation
reactions and thus might promote the hydrocarbon formation. Based on the results obtained for all
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N-doped carbons studied, the acidic surface suppresses the catalytic activity for the CO formation.
There is an indication, however, that the acidic surface, especially the strong acidic groups,
promotes hydrocarbon formations.

5.11. Surface functional groups of BAX carbons
The surface features of the initial catalysts, the catalysts after the reduction pretreatment, and H
after ER and CO2ERR were extensively studied. The content of element on the surface (in at %)
determined using XPS analysis is shown in Figure 5.14 and Table A5.1-A5.6. The contents of
various functional groups, which were obtained from the deconvolution of core energy level
spectra of carbon, oxygen and nitrogen are presented in Figure 5.15 and Figure A5.2-A5.5. As
expected, one the initial carbons, an increase in the content of nitrogen on BAX-M-950 was found
in comparison to that on BAX-950. The deconvolution of C 1s core energy level spectra show that
melamine-treated carbons have more carbon atoms involved either in C-N or C-O bonds than has
BAX-950. Interestingly, oxidation of BAX with HNO3 followed by the heat treatment also resulted
in an incorporation of nitrogen groups to the carbon matrix (BAX-O-950). They were in forms of
pyridines and pyridones/pyrroles, but their contributions were much smaller than those in the
melamine-treated carbons. BAX-M-950 and BAX-M-950-O had a similar content of nitrogen. The
oxidation process increased the content of oxygen dramatically and introduced acidic nature to the
latter carbon. Both BAX-M-950 and BAX-M-950-O also had similar distributions of nitrogen in
pyridines and pyrroles/pyridines. The latter sample had nitric oxides (nitro-type complexes NO2),
which resulted from the treatment with nitric acid.133
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Figure 5. 14. Atomic concentration of nitrogen and oxygen for initial carbons, on the active
electrode materials after reduction pretreatment in N2 for 4h (R), on the carbons reduced in N2
for 48h (N2), and exposed to CO2 for 48h (CO2) at the potential -0.66V vs. RHE. Copyright
2017, with permission from Elsevier.127

80

Figure 5. 15. Comparison of atomic concentration for the specific oxygen and nitrogen groups.
(R-samples after 4h pretreatment in N2; N2-samples after 48h reduction in N2 after the
pretreatment; CO2–samples after 48h reduction in CO2 after the pretreatment). Copyright 2017,
with permission from Elsevier.127
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5.11.1. Reduction pretreatment enhancing CO2 performance by forming the reduced carbon
surface and new active sites
To find out why the reduction pretreatment improved the CO2 reduction performance, the results
of the XPS analysis of the samples after the reduction pretreatment process in N2 at -0.66V
(referred as R) were compared to those of the initial carbons (Figure 5.14 and 5.15). Except for the
oxidized N-doped carbon (BAX-M-950-O), the oxygen content for BAX-950, BAX-O-950 and
BAX-M-950 decreased after the reduction pretreatment in N2 during 4h (R) at the potential of 0.66V. In the analysis of core energy level spectra of the elements (Figure. A5.4, Table A5.5), the
surface groups of BAX-M-950 were reduced after this process. The deconvolution of C 1s shows
that the O-C=O and carbonate/occluded CO groups were reduced to carbonyl/quinone (C=O), and
phenolic/alcoholic/etheric (C-O) species. This is consistent with the deconvolution of O 1s core
energy level spectra which shows C-O groups were reduced to C=O. The deconvolution of N 1s
indicates that there was a small increase in the pyridinic-N and quaternary-N after the reduction
process in N2. Therefore, the observed enhancement in BAX-M-950 in the performance is likely
because of the more reducing surface environment on the carbon surface. This process could also
increase the small pore accessibility for CO2- and make surface more basic. Unfortunately, due to
the very small weight of active material on the electrode its porosity of pH cannot be evaluated.
Interestingly, after the 4h reduction pretreatment of BAX-M-950-O-R, the deconvolution of N 1s
indicates that NOx groups were entirely reduced to a C-N+-O- (N-X) form. Moreover, after 48
hours of CO2 reduction (BAX-M-950-CO2), most of C-N+-O- was consumed and further oxidized
to NOx, which also indicates that the structure of N-oxides outside the carbon ring (C-N+-O-) could
also be the active site for CO2 reduction. So the reduction pretreatment on BAX-M-950-O sample
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led to the formation of new species (outside the carbon ring C-N+-O-), which could be the active
sites for CO2ERR.
5.11.2. Effects of CO2ERR on BAX carbon surfaces
XPS analysis was carried out on the pretreated carbons used for CO2 reduction for 48h at the
potential -0.66V vs. RHE (referred as CO2). After CO2 reduction, more oxygen was introduced to
the surface of all N-doped carbons in comparison to the amount after reduction in N2-saturated
electrolyte (Figure 5.14). This small increase in the oxygen content after CO2ERR could be related
to the oxidation of the carbon surface from the byproduct of CO2 reduction, mainly by the released
oxygen during the CH4 formation.31 Even though the results suggest that BAX carbons worked as
electrocatalysts, the oxidation of some sites can be a limiting factor for these catalysts' applications.
Nevertheless, at this stage, an important to mention that an increase in the surface oxygen content
after of CO2ERR was very small and not comparable to that found for S-doped carbons.103
5.11.3. Role of pyridinic-N for CO2ERR performance
The surface chemistry changed dramatically after electrochemical reduction of CO2 with the
nitrogen functional groups being mostly affected (Figures 5.15) The XPS analysis of N-doped
BAX carbons clearly showed a decrease in the amount of nitrogen groups in the pyridinic and
quaternary forms after electrochemical reduction of CO2 of the pretreated samples compared to
those present on the surface before the CO2 reduction on those samples. The contribution of
pyridinic nitrogen (N-6) decreased with an increase in the contribution of pyrrolic/pyridonic
nitrogen (N-5). It should be noted that nitrogen in pyrrolic-N and pyridonic-N have similar binding
energies and therefore the XPS analysis could not distinguish between them. Nitrogen in pyrrolic
groups is expected to be electrochemically stable since the lone pair on a nitrogen atom is in the p
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orbital so it is involved in the 6π electron aromatic system.103,134 Therefore, the increase in the
contribution at the binding energy of 401.5eV corresponds to the pyridonic-N species. One of their
sources can reduced pyridine-N-oxides (N-X) at the applied potential.84 The other source can be
from the oxidation of pyridinic-N. A lone pair of electrons in pyridinic-N made the adjacent carbon
become positively charged.135 As indicated in the literature, the first step of CO2 reduction is also
the formation of the CO2·-/COOH* intermediate.24,31,38,110,136 The intermediate is likely stabilized
on the positively charged carbon atoms in the vicinity of nitrogen heteroatoms introduced to
aromatic rings. After long-hour reduction process, the positively charged carbon gets oxidized thus
pyridinic-N was converted to the pyridonic-N. In summary, this positive charge induced to carbon
atoms by nitrogen in pyridinic configuration is the active sites for the electrochemical processes.
Even though BAX-M-950 and BAX-M-950-O have the similar contents of pyridinic-N (N-6) and
quaternary-N (N-Q) moieties, and similar volumes of ultramicropores, the former sample shows
the better electrochemical performance. This can be linked to its less acidic surface, as discussed
in the Chapter 5.10.
The relationship between the pyridinic-N content and their FE of CO formation is illustrated in
Figure 5.16. A linear trend was found on the carbons having neutral pH in both initial and
pretreated conditions. BAX-M-950-O did not follow the trend since its acidic surface favors HER.
However, no trend was found between the electrochemical performance and the amount of
quaternary-N. This observation provides direct evidence that the content of pyridinic-N is more
influential than quaternary-N for CO2ERR, especially for the CO formation. It plays a predominant
role in the catalytic activity for the CO formation in CO2ERR.
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Figure 5. 16. a) The Faradaic efficiency of CO formation (1h) as a function of the content of
pyridinc-N in the initial carbons; b) Atomic concentration of the nitrogen groups for the initial
carbons; c) The Faradaic efficiency of CO formation (1h) as a function content of pyridinc-N for
the reduction pretreated nanoporous carbons (R); d) Atomic concentration of the nitrogen groups
for the reduction pretreated carbons (R). Copyright 2017, with permission from Elesvier.127
5.11.4. Effect of concurrent HER on carbon surface
XPS was carried out on the carbons after reduction in N2 for 48h at the potential -0.66V vs. RHE
(referred as N2). These carbons were pretreated for 4h beforehand. During the chronoamperometry
(CA) run in the N2-saturated electrolyte, only hydrogen evolution reaction occurred in this
condition. Both BAX-M-950 and BAX-O-950 showed a decrease in the contribution of pyridinic85

N with an increase in that of pyridonic-N (Table A5.4-A5.5) after reduction in the N2-satuarated
electrolyte. Therefore, the decrease in the contribution of pyridinic-N in the N2-saturated
electrolyte indicates that HER consumed pyridinic-N. These findings experimentally proved that
HER was harmful for the pyridinic-N, which acted as active sites for CO2 reduction. Zheng et.
al.137,138 also suggested that pyridinic-N was one of the active sites that favored hydrogen evolution
reaction. This indicates that HER and CO2ERR compete for the pyridinic-N active sites.
In the 48h reduction process in N2-saturated electrolyte, reduction of pyridine-N-oxides at the
applied potential can also contribute to an increase in the contribution of pyridonic-N.
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Since

on both BAX-M-950 and BAX-M-950-O, pyridine-N-oxides were reduced by the applied
potential after 48 hours they cannot be considered as the active sites for CO2ERR. These findings
were also consistent with that of Kumar and co-workers.84 It is worth to mention that the reduction
pretreatment during 4h (BAX-M-950-R) at the potential -0.66V did not affect the amount of
pyridine N-oxides, which indicates that the reduction of these species required a longer exposure
to reducing environment or higher overpotential.

5.12. Surface functional groups of SaU carbons
The results of the XPS analysis of the initial carbons are presented in Table 5.4. The carbon
synthesized at 900 oC showed a smallest content of nitrogen, which was half of that on SaU-700
and SaU-800. The elemental analysis (Table 5.5) revealed the similar trends to the XPS results,
however, more nitrogen was apparently present in the bulk than on the surface. In addition, the
amount of oxygen on SaU-900 after 48h reduction in saturated N2 electrolyte was smaller than that
in the saturated CO2 electrolyte owing to a slight surface oxidation during the CO2 reduction
process.
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Table 5. 4. Atomic concentration of elements on the surface determined by XPS analysis of the
samples studied

Sample
SaU-700
SaU-700CO2
SaU-800
SaU-800CO2
SaU-900
SaU-900CO2
SaU-900N2

(atomic %)
C
O
70.0
19.1
81.1
10.7
75.0
14.4
84.5
11.0
80.2
14.6
82.7
15.0
86.4
11.0

N
10.9
8.2
10.6
4.5
5.2
2.3
2.6

Table 5. 5. Bulk elemental composition of the carbons derived from combustion elemental
analysis
Sample:

N (at.%)

C (at.%)

H (at.%)

C/N-ratio

SaU-700

14.2

38.0

21.8

2.7

SaU-800

10.0

46.1

28.2

4.6

SaU-900

6.3

50.9

30.5

8.1

The detailed deconvolution of C 1s, O 1s, N 1s core energy level spectra (Figure 5.15, Figure A5.65.7) revealed the differences in specific configurations of the surface groups. As expected, SaU900 showed the highest level of carbonization and the smallest contribution of C-O bonds. The
most oxidized sample was SaU-700, which is confirmed by the deconvolution of O 1s core energy
level spectra. The results are consistent with those from potentiometric titration indicating the
smallest amount of strong acidic groups (mostly carboxylic groups) on the surface SaU-900 (Table
5.3).
The deconvolution of N 1s core energy level spectra (Table 5.6, Figure 5.15) showed a dramatic
decrease in all contributions for SaU-900 compared to the other two samples. This indicates that
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900 oC was the critical synthesis temperature resulting in marked changes in carbon chemistry. In
the previous study of molten salt synthesized carbon,125,126 an increase in the carbonization
temperature of the pre-organized precursor (it was squaric acid and urea in our case) led to the
gradual conversion of pyrazinic moieties into pyridinic ones. It is important to mention that
pyrazinic-N and pyridinic-N have the same binding energies. Thus from the XPS results, the
decrease in N1 nitrogen in SaU-900 was caused by the decomposition of the pyrazinic nitrogen.
This was followed by an incorporation of nitrogen in the form of quaternary nitrogen to the carbon
matrix. The contribution of quaternary-N increased with the synthesis temperature. It is due to the
expected conversion of other less thermally stable nitrogen groups to the quaternary ones at a high
temperature.139,140
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Figure 5. 17. N 1s core energy level spectra of the initial and exhausted SaU samples
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Table 5. 6. The results of deconvolution of C 1s, O 1s and N 1s core energy level spectra for the materials studied. The contributions
are reported as received from the deconvolution (in parentheses) and adjusted to the total content of an element.
SaU700
CO2

SaU800

SaU800
CO2

SaU900

SaU900
CO2

SaU900N2

33.7
(41.6)
20.9
(25.8)
21.1
(26.0)
3.4
(6.6)

50.9
(67.8)
20.3
(27.1)

3.8
(5.1)

45.0
(53.2)
23.7
(25.5)
14.8
(17.5)
3.2
(3.8)

53.6
(66.8)
17.6
(21.9)
6.3
(7.8)
2.8
(3.5)

44.0
(53.2)
21.7
(26.2)
15.4
(18.6)
1.7
(2.0)

46.3
(53.6)
20.6
(23.8)
16.1
(18.6)
3.5
(4.0)

1.1
(5.6)
O-C (in phenol/epoxy/ether) or O-N
16.1
(84.2)
-O- (water or chemisorbed oxygen 1.9
species), Occluded CO or CO2
(10.2)

1.5
(13.9)
8.1
(75.6)
1.1
(10.5)

1.3
(8.9)
10.4
(72.2)
2.7
(18.9)

3.4
(31.0)
6.2
(56.5)
1.4
(12.5)

0.8
(5.5)
11.7
(80.4)
2.1
(14.1)

1.3
(8.5)
11.6
(77.2)
2.1
(14.3)

7.9
(71.9)
3.1
(28.1)

N 1s
398.3-398.8

N-6 (in pyrazines/pyridines)

399.7-400.2

N-5 (in pyrroles/pyridones)

400.7-401.3

N-Q (in quaternary-N)

4.03
(49.1)
2.83
(34.5)
1.35
(16.4)

5.05
(47.6)
3.58
(33.8)
1.97
(18.6)

1.40
(31.0)
2.26
(50.3)
0.84
(18.7)

2.14
(41.1)
1.54
(29.7)
1.52
(29.2)

0.75
(32.6)
1.14
(49.5)
0.41
(17.9)

0.80
(30.5)
1.45
(55.7)
0.36
(13.8)

Energy, eV

Bond assignment

C 1s
284.6-284.8

C-C (sp2, graphitic carbon)

SaU700

286.8-287.5

48.2
(68.9)
C-O, (phenolic, alcoholic, etheric), C-N 18.5
configurations
(26.4)
C=O (carbonyl or quinone)

287.9-289.0

O-C=O (carboxyl or ester)

O 1s
530.8-531.6

O=C (in carboxyl/carbonyl) or O=N

285.9-286.4

532.3-532.8
533.5-534.1

3.3
(4.7)

4.97
(46.5)
3.52
(32.3)
2.31
(21.2)

*The contribution from fluorine to the carbon 1s XPS spectrum has been subtracted.
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5.12.1. Effects of CO2ERR on SaU carbon surfaces
Comparing XPS results of carbons after CO2ERR with those on the initial one, the contents of
nitrogen and oxygen markedly decreased after reduction at -0.75V vs. RHE for 48h. This is an
interesting observation since nitrogen-modified carbons of the BAX series showed almost
unchanged nitrogen content after CO2 reduction, although its speciation on the surface was
altered.103,127 It suggests the difference in the catalytic mechanism between the carbons addressed
in this study and BAX carbons, which could be caused by the specific surface features of the SaU
carbons. As mentioned above, one of the nitrogen containing species existing on the surface of
SaU carbons is pyrazinic-N.125,126 The electrochemical study of pyridine and pyrazine indicated
that the pyrazine ring was much unstable than is the pyridine one.141,142 Thus the decrease in the
nitrogen content upon the CO2 reduction can be caused by the decomposition of pyrazinic-N. The
decrease of pyrazinic-N during CO2ERR was especially visible for the most conductive SaU-800
and SaU-900 samples. While oxygen in SaU-900 was rather stable after the CO2 reduction with
respect to its amount and speciation, a marked decreased of oxygen content was observed on the
surface of the samples obtained at 700 and 800oC. It was likely caused by a cathodic current, which
once again showed the difference in the changes of surface chemistry upon CO2 reduction between
the BAX carbons and SaU carbons.
5.12.2. Role of pyrazinic-N for CO2ERR performance
The CO2 reduction for 48 hours resulted in the unchanged activity for the CO formation on both
SaU-800 and SaU-900, as presented in Figure 5.7. This indicates that the catalytically active sites
for CO2 reduction to CO, which are likely pyridinic-N configuration,103,127 are not consumed
during CO2ERR. On the other hand, BAX carbons showed a decrease in the contribution of
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pyridinic-N with an increase in the contribution of pyridonic-N after CO2ERR. The formation of
pyridonic-N species was caused by the oxidation of a positively charged carbon in the pyridinic
configuration during the CO2 reduction process. However, the trend in surface chemistry observed
here was differed from that on the BAX carbons. A decrease in the contribution of pyridonic-N
was found after CO2ERR. Thus, the stability and the surface chemistry analyses suggest that the
oxidation of pyridinic-N did not take place during 48 hours of the CO2 reduction. It is noted that
surface of carbon catalysts undertakes some degree of oxidation during CO2 reduction. The trend
found in this study could be due to the reactivity of pyrazinic-N. Even though these species are not
very active in the CO formation, they likely work as sacrificial agents, which undergo oxidation
during CO2ERR. In this way pyrazinic-N protected the active pyridinic-N from oxidation and thus
allows for better performance/higher catalyst stability during the CO2ERR process.
Another important and unique finding on the SaU carbons was the detection of C3 hydrocarbon
products (acetone and propanol) in the liquid phase (Figure 5.3). The overpotential for the C2+
hydrocarbon formation for both SaU-800 and SaU-900 was much lower than the overpotential
reported on copper foil where acetone and propanol were formed at -0.95V vs. RHE.143,144 The
proximity of two C-N bonds in the pyrazinic configuration could promote the formation of C-C
bond from the reduction of two CO* intermediates. If the C–C coupling step between the various
C1 intermediates is kinetically possible143, this could explain the C2+ products detected. The active
sites of the SaU carbons also catalyzed the formation of many different C1 oxygenates (forming
CH4, then methanol and formic acid) and thus these diverse C1 species could couple to form the
C2+ products. The mechanism would be addressed in detail in Chapter 8.
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5.12.3. Role of quaternary-N in the CO2ERR performance
The FE of CH4 increased with the increase in the amount of quaternary-N present in SaU-800 and
SaU-900. Both samples have much higher electrical conductivity than has SaU-700. Quaternary
nitrogen is electronegative in the carbon matrics, which induces the neighboring carbon positively
charged. The positively charged carbons bring activity for CO2ERR. In addition, it can exist even
in the walls of very small pores, especially ultramicropores. Thus these sites can contribute to the
CO* adsorption in these pores with specific binding energies.145,146 It can further facilitate CO*
reduction and formation of methane in the reaction with adsorbed hydrogen.127 A decrease in
quaternary nitrogen after electrochemical reduction suggests the involvement of these species in
the methane formation since the byproducts during this process might oxidize the quaternary-N.
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Chapter 6. Sulfur, Nitrogen-codoped Nanoporous Carbons as Catalysts
for CO2ERR
Two series of carbons were studied. The first series of S, N-codoped carbons was obtained by an
incorporation of nitrogen to the polymer-derived sulfur-doped carbon (CPS) addressed in Chapter
4. The CPS carbon was impregnated with urea-saturated solution and then heat treated at 800oC.
This resulted in an incorporation of both sulfur and nitrogen species to the carbon surface. The
sample is referred to as CPSN. The second series of S, N-codoped carbons was obtained based on
wood-based activated carbons. The BAX carbon was impregnated with thiourea and then exposed
to temperatures of 600, 800, 900 and 950oC. This series of carbons is referred to as BAX-TU-X,
where X represents the treatment temperature. Details on the carbons’ preparations are presented
in Chapter 3.1.
This chapter focuses on the synergistic effect of N and S co-doping on the CO2ERR performance
of nanoporpus carbon. Since photoactivity can be helpful for CO2 reduction, the role of sulfur
species in the microporous carbon matrix in the process of the CO2 (photo)electroreduction was
evaluated. The effect of visible light exposure on the carbons’ performance as CO 2 reduction
catalysts has been also examined.
Chapter 6 contains unpublished results along with a slightly revised version of the following paper:
Wanlu Li, Mykola Seredych, Enrique Rodríguez-Castellón, Teresa J. Bandosz, Metal-free
Nanoporous Carbon as a Catalyst for Electrochemical Reduction of CO2 to CO and CH4.
ChemSusChem, 9, 606–616. Copyright 2016, with permission from John Wiley & Sons Ltd.103
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6.1. Evaluation of the catalytic activity for CO2 electrochemical reduction
The Faradaic efficiencies for CO formation at controlled potentials are shown in Figure 6.1. For
all samples, the FE of CO and CH4 formation showed a maximum with an increase in the reduction
potential. The CO formation on CPSN started at -0.59 V with the Faradaic efficiency of ~3.1 %.
The maximum Faradaic efficiency of CO formation on this carbon reached 11.3% at the potential
of -0.99 V, which corresponds to the overpotential of 0.88V, based on the equilibrium potential of
-0.11V. Interestingly, CPSN showed lower current densities in the CO2-satuarated electrolyte at
all applied potentials than CPS did (CPS is addressed in Chapter 4.1) (Figure 6.1b). Nevertheless,
its CO Faradaic efficiency was higher. This indicates that the reduction of CO 2 to CO was more
favorable on CPSN than that on CPS. Therefore, hydrogen evolution reaction (HER) contributed
to the high current density on CPS.
The FEs for CO and CH4 formation at the 5h reduction process on the BAX-TU carbons are shown
in Figure 6.1c-6.1f. CO was first detected at -0.37V on BAX-TU-950, which corresponds to the
onset overpotential of 0.27V. This onset potential is 0.2V lower than that on CPSN. Moreover, it
is much lower than those reported for metals/ nanostructured metals and metal-free
electrocatalysts.43,86,143 For example, the onset potential for copper was reported to be -1V.143 The
onset potential of nanostructured Ag and nitrogen-doped carbon nanotube catalysts were reported
as 0.6V and 0.5V, respectively.43,86 The FE of CO formation increased with the potential becoming
more negative. It reached the maximum of 29% at -0.67V at the 5h reduction process. In
comparison to the previous studies,103,127 BAX-TU-950 showed the highest FE of CO among all
nanoporous carbons used as received, without an additional step of the surface reduction
pretreatment.127,147 The FEs for CO formation decreased dramatically with the decreased heat
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treatment temperature. They were 15.0%, 6.3% and 4.8% for BAX-TU-900, 800 and 600,
respectively, at 5h reduction at the potential of -0.67V, which is the potential of the maximum FE
of CO on BAX-TU-950.

Figure 6. 1. a) Faradaic efficiency for CO formation on CPSN at 1h; b) partial current density of
CO formation on CPSN at 1h CO2 (The insert is the current density on CPS and CPSN at 1h); c)
Faradaic efficiency for CH4 formation on CPSN at 1h; d) Faradaic efficiency for CO formation on
BAX-TU carbons at 5h; e) partial current density of CO formation on BAX-TU at 5h; f) Faradaic
efficiency for CH4 formation on the BAX-TU carbons at 5h reduction in CO2-saturated 0.1 M
KHCO3. Copyright, 2016, with permission from John Wiley & Sons Ltd.103
CH4 was also detected on both series of the nanoporous carbons. Its onset potential on CPSN was
-0.79V vs. RHE. The best Faradaic efficiency for CH4 formation on CPSN was 0.18 % and it was
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found at -0.99 V. This was also the potential at which the highest CO Faradic efficiency was found.
In the case of BAX-TU carbons, CH4 was formed on BAX-TU-950 with the maximum FE of 0.23%
at 0.54V, which corresponds to the overpotential of 0.37V. The FE of BAX-TU-950 for the CH4
formation was the highest among all tested BAX-TU carbons. Its overpotential for the maximum
FE was 0.1V lower than that of BAX-TU-900.
In comparison to the results on the N-doped carbons discussed in Chapter 5, the S, N-codoped
carbons are less catalytically active to form CH4 than are the N-doped carbons.

6.2. Stability for CO2 reduction
At the potential of -0.99 V, the CPSN electrode exhibited a stable current for 27h. That time was
longer time than that measured on CPS (17h). The Faradaic efficiency for CO formation was the
highest after 0.5 h (11%) and then it gradually decreased. It maintained 7% throughout the entire
electrocatalytic process. For the BAX-TU carbons, the best stability was found on BAX-TU-950
with a current density remained steady at -1.5mA/cm2 throughout the 40h period. However, the
FEs of CO formation first increased and then decreased with the progress of the reduction process.
As seen in Figure 6.2b, the FE of CO formation for BAX-TU-950 increased from 23% (1h) to 29%
(5h) within the first 5h, and then gradually decreased. The sample was detached from the current
collector after 40h, which ceased its catalytic performance. On the other hand, the FE of CH4
formation on BAX-TU-950 reached its maximum after 24h and then gradually decreased. The
stability was much lower for BAX-TU-600, 800 and 900. They lasted for about 18h, 23.8h and
21h, respectively. Figure 6.2d shows the linear sweep voltammetry (LSV) curves of the catalysts
in the N2-saturated KHCO3 electrolyte, at the potential of -0.67V. The current density of BAX-
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TU-600, 800 and 900 was higher than that of BAX-TU-950, which indicates their higher HER
activity than that of BAX-TU-950.
It is difficult to find a direct reason for the difference in the stability of carbons at this stage of our
study. Differences in the direct current (DC) conductivity for polymer-derived carbons seem to be
too small to affect the stability (DC conductivity of CPS was slightly lower (31.9 ± 0.7) S m-1 than
that of the S, N-doped polymer-derived carbon (42.8 ± 0.9) S m-1). As mentioned in Chapter 4.2,
the reason for the low stability of CPS may also be in the high extent of hydrogen evolution
reaction (HER) causing the observed detachment of the active electrode material from the current
collector. The results obtained on both series of S, N-codoped carbons also indicate that when the
catalyst is more favorable to HER, its stability for CO2 reduction decreases. This might be due to
the mechanical strain and stress created from the rapid release of the H2 product of HER on the
electrode.
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Figure 6. 2. a) Current density and Faradaic efficiency of CO formation on the CPSN carbon at 0.99V; b) Faradaic efficiency of CO formation on BAX-TU carbons; c) Faradaic efficiency for
CH4 formation on BAX-TU carbons at the potential -0.67V in CO2-saturated 0.1M KHCO3; d)
LSV for the BAX carbons in N2-saturated 0.1M KHCO3
The total FE was accounted for 80%-90% throughout the reduction process on the BAX-TU-950
catalyst (Figure 6.3). The capacitive charging behavior of carbons, the adsorption of the products
in pores and the presence of dissolved products in the electrode can contribute to missing 10-20 %.
In addition, the leakage of H2 gas after 24h reduction could take place due to the imperfect sealing
of the electrochemical cell. To verify the formation of the liquid products, NMR analysis of the
electrolytes after CO2 reduction was carried out. The 1H NMR spectra are presented in Figure A6.1
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of the Appendix. Trace amounts of C1 products (methanol, formic acid) and C3 products (acetone)
were detected in the electrolytes of all BAX-TU samples.

Figure 6. 3. The FE of detected gas phase of BAX-TU-950 for 40h

6.3. Stability of the carbon surface
To check if the carbon matrix itself contributes to the generation of the target products (CO and
CH4) during reduction, the chronoamperometry was performed in the N2 saturated electrolyte. In
the case of CPSN, the tests were performed at the potential of -0.99V vs. RHE, where the Faradaic
efficiencies of CO and CH4 formation were the highest. No CO or CH4 was detected for 0.5h. The
2h reduction time at the potential of -0.99V vs. RHE in the N2 saturated electrolyte resulted in the
0.018 % Faradaic efficiency for CH4 formation and CO was still not detected. For the BAX-TU
carbons, the reduction experiments were carried out in the N2-saturated electrolyte at -0.67V vs.
RHE for 48h. CO and CH4 were not detected for all the BAX-TU materials through the whole
reduction process.

100

6.4. Tafel plots---kinetics of CO formation
Tafel analyses (Figure 6.4) was performed on BAX-TU carbons to elucidate the kinetics associated
with the reduction of CO2 to CO. The obtained Tafel slopes are 153 mV/dec and 146mV/dec for
the BAX-TU-900 and BAX-TU-950, respectively. Those values are close to 118 mV/dec, which
is expected for a rate-limiting single-electron transfer at the electrode.54 For N-doped carbon
nanotubes (NCNT) the Tafel slope was reported to be 203 mV/dec.86 Another study reported the
lowest value of 160mV/dec among the NCNTs.87 Thus suggests that the nanoporous carbons
present fast kinetics for CO formation and faster than those on carbon nanotubes.

Figure 6. 4. Tafel plots for BAX-TU-900 and BAX-TU-950

6.5. Effects of porous structure on the kinetics of CO2 conversion to CO
The parameters of the porous structure for the carbons were calculated from nitrogen adsorption
isotherms (Figure 6.5). They are summarized in Table 6.1. All S, N-doped carbons possess the
high surface areas reaching about 1300 m2 g-1. Compared to the polymer-derived sulfur-doped
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carbon (CPS) addressed in Chapter 4, CPSN showed an increase in the volume of ultamicropores.
The BAX-TU carbons are micro/mesoporous with 62%-66% of the total pore volume existing in
micropores. The impregnation with thiourea followed by heat treatment at various temperatures
resulted in an alteration of the porous structure. Generally, an increase in the heating temperature
led to a decrease in the surface area and in the total pore volume. Especially after heating at 950oC,
the surface area and total volume decreased considerably. When the heating temperature reached
900oC and above, the microporous volume increased because of the partial gasification of the
carbon and removal of the carbon atoms from the pore walls together with nitrogen, sulfur and
oxygen atoms.

Figure 6. 5. a) N2 adsorption isotherm of CPSN; b) Pore size distributions of CPSN; c) N2
adsorption isotherm of BAX-TU carbons and d) Pore size distributions of the BAX-TU carbons.
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Table 6. 1. The parameters of the porous structure for the S, N-codoped carbons studied.103

Sample

SBET
(m2/g)

Vt
Vmeso
V<0.7 nm V<1 nm Vmic
(cm3/g) (cm3/g) (cm3/g) (cm3/g) (cm3/g) Vmic/Vt

CPSN

1332

1.307

0.740

0.271

0.394

0.567

0.43

BAX-TU-600 1370

0.849

0.326

0.163

0.286

0.523

0.62

BAX-TU-800 1354

0.840

0.317

0.188

0.294

0.523

0.62

BAX-TU-900 1356

0.823

0.299

0.189

0.314

0.533

0.65

BAX-TU-950 1146

0.690

0.234

0.173

0.261

0.456

0.66

As shown in Chapter 6.1, the onset overpotential for CO formation on S, N-codoped carbons was
lower than that on metals and NCNTs. Besides, as indicated from Tafel plots discussed in Chapter
6.4, both BAX-TU-900 and BAX-TU-950 showed the fast kinetics of CO formation and faster
than those on NCNTs.86,87 This could be due to their porous structure that favors CO2 reduction
via employing the adsorption forces.103 Even though the developed pore structure was not a
predominate factor governing the catalytic activity for CO formation, it seems beneficial for the
overall reduction process.

6.6. Surface functional groups of CPSN carbon
To examine the nature of specific functional groups on the carbons’ surfaces and to comprehend
the role of heteroatoms incorporated to the surface in CO2ERR, XPS analyses of the initial CPSN
carbon and that used as the electrocatalyst (assigned with CO2) were carried out. The content of
elements in atomic % and the results of the deconvolution of the C 1s, O 1s, N 1s and S 2p core
energy levels are presented in Tables 6.2 and Table 6.3, respectively. Urea treatment of CPS
resulted in the incorporation of 3.2 at. % nitrogen. There was also a marked decrease in the amount
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of oxygen on the surface. Like the nanoporous carbons discussed in Chapter 4-5, a visible surface
oxidation after the CO2 reduction was also seen on the CPSN surface.127
Table 6. 2. Atomic concentration of elements on the surface determined by XPS analysis of the
CPSN carbon. Copyright 2016, with permission from John Wiley & Sons Ltd.103

Sample
CPSN
CPSN-ER

C
94.5
81.4

(atomic concentration%)
O
N
S
1.9
3.2
0.4
7.9
3.5
0.3

F*
6.9

*The detection of fluorine after CO2ERR in the CPSN carbon was due to the addition of binder.
More details on surface chemistry are provided from the deconvolution of C 1s, O 1s, N 1s and S
2p core elements energy level spectra (Figure 6.6, Table 6.3). The deconvolution of C 1s shows
that less C=O, O-C=O groups are present on the CPSN surface than on that of CPS. The
deconvolutions of S 2p core energy level spectra showed that after the urea treatment, the
contribution of sulfones on the CPSN surface markedly decreased compared to those on the initial
CPS surface, suggesting its reduction. Nitrogen functional groups were introduced to the surface
as pyridinic nitrogen (51.1 %), pyrrolic nitrogen (30.6 %) and quaternary nitrogen (18.1%). The
results clearly showed the predominance of the species in the pyridinic configurations. The surface
chemistry changed dramatically after the electrochemical reduction of CO2 and the sulfur and
nitrogen functional groups were most affected. Comparison of the deconvolutions of N 1s core
energy level spectra of CPSN shows that after electrochemical reduction the contribution of
pyridinic nitrogen (N-6) decreased with an increase in the contribution of pyridonic nitrogen (N-
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5). It was the result of the oxidation of the former species. Moreover, quaternary nitrogen was no
longer detected on the surface after the electrochemical reaction.
The deconvolution of S 2p core energy levels spectra indicated that the majority of sulfur in both
carbons existing as thiophene, was oxidized to sulfones and sulfonic acids, after CO2
electroreduction. The percentage of sulfur as thiophene that was oxidized to sulfones and sulfonic
acid was higher on the CPSN surface than that on the CPS one. The effects of CO 2ERR on the S,
N-codoped carbon surface are consistent with those on the carbons addressed in Chapter 4-5.

Figure 6. 6. C 1s, O 1s, N 1s and S 2p core energy levels for the N- and S-doped polymerderived carbon (CPSN). Copyright 2016, with permission from John Wiley & Sons Ltd.103
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Table 6. 3. The results of deconvolution of C 1s, O 1s, N 1s and S 2p core energy levels (atomic
concentration in %) of CPSN. Copyright 2016, with permission from John Wiley & Sons Ltd.103

Energy, eV
C 1s
284.8
286.2
287.3-287.6
288.8-289.2
290.6
O 1s
531.5-532.1
533.3-533.6
534.9-535.4
N 1s
398.7
400.3-400.7
401.7
S 2p3/2
163.4-164.2
168.1-168.5
169.7

Bond assignment
C-C (sp2, graphitic carbon)
C-O, (phenolic, alcoholic, etheric),
C-N (carbon–nitrogen structures)
C=O (carbonyl or quinone)
O-C=O (carboxyl or ester)
Carbonate, occluded CO,
electrons in aromatic ring

CPSN

CPSNCO2

68.4

49.8

16.0

17.5

4.9
3.1

8.0
3.9

2.1

2.2

O=C/O=S (in carboxyl/carbonyl or
sulfoxides/ sulfones)
O-C/O-S (in phenol/epoxy or
thioethers/sulfonic)
water or chemisorbed oxygen
species, C=O (occluded CO or CO2)

0.8

4.9

1.0

2.6

0.1

0.4

N-6 (in pyridine)
N-5 (in pyrroles/pyridones)
N-Q (in quaternary)

1.6
1.0
0.6

0.6
2.9

in thiophene configurations
R-SO2-R (in sulfones)
R-SO3H in sulfonic acids

0.34
0.06

0.09
0.14
0.07
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6.7. Surface functional groups of BAX-TU carbons
As seen from Table 6.4, all BAX-TU carbons contained C, O, N and S. With an increase in the
heating temperature the nitrogen and sulfur content decreased. While the content of sulfur
decreased gradually, a dramatic drop in the content of nitrogen was found at 900oC. Then the
nitrogen content remained almost constant with the further carbonization at 950oC. Interestingly,
the highest content of oxygen was on the surface of the sample heated to 800 oC, which indicates
that this temperature resulted in the highest oxidation level of the BAX carbons modified with
thiourea.
Table 6. 4. Atomic concentration of elements on the surface determined by XPS analysis of the
samples studied

Sample
BAX-TU-600
BAX-TU-800
BAX-TU-900
BAX-TU-950

(atomic %)
C
O
82.8
8.2
81.2
13.0
88.3
8.8
86.6
10.7

N
5.8
3.6
1.3
1.5

S
3.2
2.2
1.6
1.2

The detailed deconvolution of C 1s, O 1s, N 1s, S 2p core energy level spectra revealed the
differences in the specific configurations of the surface groups. Taking into account the
deconvolution of C 1s core energy level spectra (Figure A6.2, Table 6.5) and the atomic percent
(at. %) of carbon, the contribution of sp2 carbon in BAX-600, 800, 900 and 950 was 60.9 at. %,
63.7 at.%, 67.0 at.%, 67.0 at.%, respectively. This suggests that the number of carbon atoms
involved in C-C bonds gradually increased with an increase in the carbonization temperature. For
the sample heated to 950oC, the contribution of C-C bonds remained the same as that on the surface
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of the sample heated to 900oC, indicating similar carbonization level of the carbon matrices. Based
on the deconvolution of O 1s core energy level spectra (Figure A6.2) and the surface elemental
composition, the contributions of O=C and C-O of BAX-TU-800 are similar to those in the
samples heated to 900oC and 950oC. The actual atomic content of these oxygen species on the
BAX-TU-800 surface was higher than on those of other samples. The marked contributions of
carboxylic and carbonyl groups on BAX-TU-800 resulted in an acidic character to its surface.
The deconvolution of N 1s core energy level spectra (Figure 6.7, Table 6.5) revealed a
transformation of nitrogen functional groups with an increase in the treatment temperature. The
carbon heated at 600oC showed mainly pyridinic (N-6) and pyrrolic (N-5) nitrogen. The treatment
at 800oC resulted in a decrease in the contribution of N-5 and the appearance of quaternary-N (NQ) species. These results suggest that N-5 was converted to N-Q at 800oC. Moreover, the ratio of
the contributions of N-Q to that of N-6 increased from 0.36 at 800oC to 3.2 at 950oC indicating
that N-6 was partially converted to N-Q at the high temperature. This process was accompanied
by a significant loss of oxygen during heating, which was also reported from other studies on
nitrogen containing carbons.148 Both atomic concentration and relative concentration of pyridinicN decreased with an increase in the heating temperature. Heating at 950oC also resulted in the
formation of N-oxides. 26
The deconvolution of S 2p energy level spectra of the sample modified at 600oC (Figure 6.7, Table
6.5) indicated that the surface sulfur species are mainly in thiophenic-S, sulfoxides (or sulfones)
and sulfonic acid configurations. Further treatment at 800oC decreased the contribution of the latter
two species. However, with the further increase in the heating temperature, the contribution of
thiophenic-S decreased, which was associated with an increase in the contribution of
sulfoxides/sulfones.
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Figure 6. 7. N 1s and S 2p core energy level spectra of the BAX-TU carbons
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Table 6. 5. The results of deconvolution of C 1s, O 1s, N 1s, S 2p core energy level spectra for
the BAX-TU carbons studied

BAXTU-600

BAXTU-800

BAXTU-900

BAXTU-950

73.5

78.5

75.9

77.4

16.4

15.2

15.5

14.0

288.0-288.2 C=O (in carbonyl or quinone) 6.7

4.3

5.4

5.6

289.6-290.1 O-C=O (in carboxyl or ester)

3.4

2.0

3.2

3.0

O=C (in carbonyl/
quinone) or O=S (in
531.9-532.2
sulfoxides/ sulfones) or
O=N

73.6

83.7

80.6

85.9

O-C (in phenol/epoxy or
533.4-533.8 O-S (in thioethers
/sulfonic) or O-N

16.4

16.3

19.4

14.1

398.7-398.8 N-6 (in pyridines)

70.0

52.0

39.1

18.0

400.4-400.6 N-5 (in pyrroles/pyridones)

30.0

29.0
60.9

57.8

Energy, eV

Bond assignment

C 1s
284.7-284.8 C-C (sp2, graphitic carbon)
286.3-286.4

C-O, (in phenolic, alcoholic,
etheric), C-N

O 1s

N 1s

401.1-401.2 N-Q (in quaternary)
403.2

19.0

N-oxides

24.2

S 2p3/2
164.0-164.3

R-S-S-, C-S-C (in
bisulfides/thiophenes)

82.1

88.7

85.9

73.4

167.2-168.2

R2-S=O (in sulfoxides) or
R-SO2 (in sulfones)

9.9

11.3

14.1

26.6

169.8

R-SO3H

8.0
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6.7.1. Synergistic effect of sulfur and nitrogen doping on CO formation during CO2ERR
It is important to mention that BAX-TU-950 was obtained in a similar way to that used to get Ndoped BAX-M-950, but the initial BAX carbon was impregnated with thiourea instead of with
melamine.127 The actual atomic concentration of pyridinic-N, pyrrolic-N, quanternary-N and Noxides on BAX-M-950 was 1.3 at. %, 1.3 at. %, 0.87 at. % and 0.43 at. %, respectively (Figure
6.8). Its best FE of CO formation was 24% at -0.66V at 6h CO2 reduction. The FE of CO formation
on the sample treated with thiourea (29%) was higher than that the one treated with melamine. The
XPS analysis of thiourea treated BAX-TU-950 indicates actual atomic concentration of pyridinicN, quaternary-N and N-oxides as 0.27 at. %, 0.87 at. % and 0.36 at. %, respectively. The
quaternary-N, which was identified as catalytically active, was present on the surface in a similar
quantity to that on the melamine treated samples. Interestingly, pyridinic-N that was the most
active for CO2 reduction was present in a lesser quantity than that on the surface of the melamine
treated sample. This suggests that besides the activity of pyridinic-N and quaternary-N species, the
activity of the sulfur groups of BAX-TU-950 was also crucial for CO formation. It has been
addressed in Chapter 4.7 that thiophenic-S group brought the activity for CO2 reduction.103
Although, sulfur in thiophenic-S group is less electronegative than nitrogen is in the pyridinic-N
group, it also affects the charge density to the carbon matrix. Thus the thiophenic-S induces slightly
positively charge to the neighboring carbon,118,119 which can stabilize the CO2-·/COOH*
intermediate. They can be present in small pores and thus in this way they can increase the strength
of the interactions of the intermediates with the carbon surface in these pores and promote electron
transfer.
On the other hand, the FE of CH4 formation on urea-treated BAX-TU-950 was much lower than
that on melamine-modified BAX-M-950. Since both samples showed similar amounts of
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quaternary-N and N-oxides, the lower FE of methane formation could due to the smaller amount
of pyridinic-N on BAX-TU-950 than that on BAX-M-950. Thus, CO is less likely to be stabilized
and further reduced to CH4 without pyridinic-N. It also infers that thiophenic-S was not as active
as pyridinic-N was in the stabilizing CO* intermediate and thus less CH4 was formed. Since the
FE of CH4 formation was smaller on BAX-TU-950 than that on BAX-M-950, in spite of the higher
volume of micropores in the former sample, more pyridinic-N located in micropores might
compensate the limited enhancing pore size/volume effect on methane formation in the case of
BAX-M-950, due to its relatively low volume of ultramicropores.

Figure 6. 8. The atomic concentration/distribution of nitrogen species on the surface BAX treated
with melamine and thiourea
6.7.2. Analysis of the effects of direct current (DC) conductivity.
The DC conductivity of S-doped polymer-derived carbon (CPS, 31.9 ± 0.7 S/m) was slightly lower
than that of the S, N-doped polymer-derived carbon (CPSN, 42.8 ± 0.9 S/m). These two carbons
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were carbonized at the same temperature and the sulfur contents (0.4 at. %- 0.5at. %) were similar
in both samples. Thus, introducing nitrogen to the carbon matrix increased the DC conductivity. It
is well established in the literature that the electric conductivity and rate of electron transfer are
related to the apparent density of states at the Fermi level, D(EF), for carbonaceous materials.149,150
The correlation between the increase in D(EF) and the pyridinic-N functionality has been
reported.151 It has been also reported that the quaternary-N enhances the conductivity of
graphenes.152
In the case of BAX-TU carbons (Table 6.6), the electric conductivity increased exponentially with
an increase in the heat treatment temperature, which is attributed to the transformation of
disordered carbons to their higher order of aromaticity and condensation. Based on the
contributions of C-C bonds determined by the XPS analysis, the sample heated to 600 and 800 oC
showed a smaller contribution of carbon in sp2 configuration than those heated to 900 and 950oC,
which is consistent with their lower conductivity. The content of nitrogen in the sample heated to
900oC is similar to that in the sample heated to 950oC. The lower conductivity of the former sample
could be due to its higher sulfur content in the carbon matrix. It is possible that sulfur, by the slight
expansion of the d spacing in the carbon matrix, decreased the conductivity.153 The effect of the
specific configuration of sulfur on the conductivity still needs further investigation. To conclude,
both carbon in sp2 configurations and surface chemistry affect the conductivity of the carbons.
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Table 6. 6. The sheet DC conductivity of the BAX-TU carbons

Samples

Conductivity (S/m)

BAX-TU-600

24±3

BAX-TU-800

77±4

BAX-TU-900

277±8

BAX-TU-950

400±10

6.8. Effects of surface basicity on the concurrent hydrogen evolution reaction
(HER)
The proton uptake curves and pKa distributions are collected in Figure 6.9. The positive values of
the proton uptake found for CPSN indicate its surface basicity. On the other hand, the CPS sample
was predominantly acidic (proton release). CPSN had the smaller number of acidic groups
represented by peaks at pKa of about 4.7 and 6.3 than did the CPS carbon. They likely represents
the carboxylic groups.112 After the incorporation of nitrogen, the pH of the CPSN surface increased
by about 4 units and the number of acidic groups decreased of 50 % (Table 6.7). As discussed in
Chapter 5.11.4, CO2 reduction must compete with the hydrogen evolution reaction (HER) in the
reduction potential range. Hori et al.110 studied the effect of a local electrolyte pH on CO2 reduction.
They found that hydrogen discharge/reduction at the electrode was prevented under a high local
pH of an electrolyte. As for the catalysts, less protons are available on a basic surface than on
acidic surface. Besides, the carbon surface also affects the local pH of the electrolyte. The acidic
surfaces are more likely to release protons to the electrolyte and the hydrogen evolution reaction
becomes more pronounced than that on basic ones. CPSN suppresses HER owing to a lower
protonation degree than that on the acidic surface of CPS.
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Figure 6. 9. a) Proton binding curves of polymer-derived carbons; b) pKa distributions of
polymer-derived carbons; c) Proton binding curves of wood-based BAX-TU carbons; d) pKa
distributions of wood-based BAX-TU carbons
In the case of BAX-TU carbons, all four carbons show similar types of acidic groups but differ in
their amounts. On BAX-TU-800 the largest number of acidic groups was detected, especially in
the category of strongly acidic groups with pKa< 7. As the XPS analysis indicated (Chapter 6.6),
the strongly acidic groups of this carbon belong to the category of carboxylic acids. The low
surface pH of BAX-TU-950 was due to the formation of strongly acidic groups, which we link to
the N-oxides groups (pKa=0.79),154 as indicated from the XPS results. This species is outside the
detection range of the titration technique. However, due to the significant differences in the
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conductivity of the BAX-TU carbons, there is no direct trend between the acidity/basicity of the
carbons and performance of CO2ERR. BAX-TU-600 showed the highest pH among the BAX-TU
carbons, however, it cannot compensate the limitation in its conductivity. The surface
acidity/basicity of carbons influences to the CO2 reduction process but it is not a predominant
factor that governs the performance of carbons in CO2ERR.
Table 6. 7. Surface pH values, peak positions and numbers of groups (in parentheses, [mmol/g])
for the material studied

Sample

Strong
Surface
Acidic All
pKa 4-5 pKa 5-6 pKa 6-7 pKa 7-8 pKa 8-9 pKa 9-10 pKa 10-11
pH
Groups Groups
(pH<7)

CPS

4.50

4.72
6.28
(0.115) (0.165)

8.13
9.49
(0.093) (0.155)

0.280

0.528

CPSN

8.13

4.76
6.49
(0.070) (0.094)

8.05
9.56
(0.078) (0.136)

0.164

0.378

BAX-TU-600

4.86

4.69
(0.080)

0.240

0.582

BAX-TU-800

4.60

4.20
5.44
6.83
(0.090) (0.065) (0.133)

0.288

0.619

0.252

0.534

0.256

0.560

BAX-TU-900

4.62

BAX-TU-950

3.75

6.01
(0.044) 7.68
6.83
(0.080)
(0.116)

9.26
(0.262)
8.12
9.27
(0.088) (0.141)

6.01
4.75
(0.036)
8.29
(0.071)
6.96
(0.086)
(0.145)
4.56
5.73
6.92
7.86
(0.059) (0.030) (0.167) (0.070)

10.15
(0.103)

9.57
(0.196)
9.37
(0.188)

10.17
(0.045)
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6.9. Effect of photoactivity of BAX-TU carbons on CO2 reduction
Sulfur-containing carbons have been reported as photocatalysts for applications such as methylene
blue decomposition,155 water splitting156 and oxidation of benzothiophene157 and phenol158. The
sulfur in thiophenic configurations was indicated as the most consequential for photoactivity.157
Therefore, it would be interesting to explore the effect of light on the electrochemical reduction of
CO2 on the sulfur-containing carbon catalysts. The effect of light on the CO2 reduction was tested
on BAX-TU-950 and BAX-TU-600. They were chosen as having to the lowest and highest
contributions of thiophenic-S groups, respectively, among four BAX-TU samples. Their
photosenistivity were first tested. Repeatable transient photocurrent trends upon on/off irradiation
are shown in Figure 6.10. The photocurrent increased upon light irradiation on both carbons. It
consisted of 3.3% and 46.8% of the initial current for BAX-TU-950 and BAX-TU-600,
respectively. Even though the initial current of BAX-TU-600 (0.44mA) was 2 order magnitude
less than that of BAX-TU-950 (43mA), it showed much higher photoactivity than that of BAXTU-950.

Figure 6. 10. Photocurrent generation upon on/off visible light radiation at voltage 1 V on a)
BAX-TU-600 and b) BAX-TU-950
117

To find out how light affects the CO2 reduction process, the experiments were first performed
under the dark conditions for 4h at the potential of -0.67V. Then the electrode was exposed to solar
light (150 W Xe lamp). Upon irradiation, the absolute value of the current density for both samples
increased and remained stable. Interestingly, it was stable at the higher current density value than
that in the dark (Figure 6.11). The FE of CO formation at 5h was 27.0% and 4.6% for BAX-TU950 and BAX-TU-600, respectively. When CO2 reduction was conducted in the dark for 5h, the
FE of CO formation on BAX-TU-950, BAX-TU-600 was 29.0% and 4.8%, respectively. Thus, it
slightly decreased under irradiation for both materials. While the partial current density of
formation on BAX-TU-950 increased 21%, for BAX-TU-600 that increase was 28%, in
comparison to those measured in the dark (Figure 6.11b). Assuming that the rest of the current was
used for HER, the partial H2 current density of BAX-TU-950 and BAX-TU-600 increased 28%
and 41%, respectively, in comparison to those in the dark. The results suggest that the generated
photoelectrons contributed to both CO2 and HER reduction. The photoinduced electrons were
accepted by both CO2 and water and more of them was used for HER than for CO2 reduction.
Based on XPS analysis, more thiophenic-S groups are present on the BAX-TU-600 surface than
on that of BAX-TU-950, and this configuration seems to enhance the generation of photocurrent
and causes an increase in the current linked to CO formation.
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Figure 6. 11. a) The current density and FE of CO formation under light for BAX-TU-600 and
BAX-TU-950; b) Comparison of the total current density and CO partial current density measured
under the dark and light conditions for both BAX-TU-950 and BAX-TU-600
The results suggest that upon light exposure, photosensitivity of carbon surface promoted CO
formation. To further understand the nature of the process, the band gaps and band alignments
(Figure 6.12) were estimated from the Mott-Schottky plots (Figure A6.3) constructed from
electrochemical impedance spectroscopy (EIS) results. The photoactive catalyst should have a
band gap of less than 3.18eV to absorb visible light. BAX-TU-600 and BAX-TU-950 showed band
gap of 1.91eV and 3.02eV, respectively. The smaller band gap of BAX-TU-600 in comparison to
that of BAX-TU-950 might explain its higher photoactivity. Moreover, the position of the
conduction band (CB) of BAX-TU-600 was more favorable than that of BAX-TU-950 for both
the CO2 reduction and H2 evolution reaction, which is consistent with the higher extent of the
photocurrent generation at light on BAX-TU-600 as compared to that on BAX-TU-950.

119

Figure 6. 12. Band-gap diagram of BAX-TU-600 and BAX-TU-950 (The CO2 redution reactions
must involve protons from water.)
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Chapter 7. Mechanisms for CO2ERR on Nanoporous Carbons
This chapter summarizes the mechanisms for CO2 electrochemical reduction on nanoporous
carbons.
The results obtained on sulfur-doped, nitrogen-doped, and sulfur and nitrogen-codoped
nanoporous carbons suggest a complex mechanism involved in CO2 electroreduction on these
carbon electrodes. The surface chemical features, structural properties and electric conductivity of
the carbons affect the Faradaic efficiencies of CO and CH4 formation. Table 7.1 summarizes all
the studied carbons during this thesis research including their CO2 reduction performance and
paramount surface chemical and structural features.
Table 7. 1. Summary of CO2ERR performance and surface features all the nanoporous carbons
addressed in the thesis
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Sample

Vonset for
CO
(vs.RHE)

V max
(vs.RHE)

FE
CO
(%)

JCO
(mA/cm2)

FE
CH4
(%)

Stabi
lity
(h)

Liquid
product

σ
(S/m)

Ultrami
cropore
Volume
(cm3/g)

Surface
pH

PyridinicN
(at. %)

Quatern
ary-N
(at. %)

Thiophenic
-S
(at. %)

CPS

-0.59

-0.99

2

0.039

0.04

17

--

32

0.235

4.50

ND

ND

0.34

BAX950
BAX-O950
BAX-M950
BAX-M950-R
BAX-M950-O
SaU-700

--

-0.66

ND

ND

0.05♦ 48♦

--

--

0.110

7.35

ND

ND

ND

--

-0.66

19

0.125♦

1.03♦ 48♦

--

--

0.084

7.29

0.68

1.12

ND

-0.36

-0.66

24

0.329

0.76

48♦

--

--

0.146

7.39

1.30

0.87

ND

--

-0.66

39♦

0.429♦

1.20♦ 48♦

C1

--

--

--

1.36

0.87

ND

-0.36

-0.66

26

0.289♦

0.88♦ 48♦

--

--

0.145

5.83

1.30

0.68

ND

--

-0.76

ND

ND

ND

48

C1, C3

--

0.300

4.37

4.97*

2.31

ND

SaU-800

-0.49

-0.76

15

0.080

0.23

48

C1, C3

--

0.270

3.80

5.05*

1.97

ND

SaU-900

-0.39

-0.76

21

0.164

0.18

96

C1, C3

--

0.219

3.59

2.14*

1.52

ND

CPSN

-0.59

-0.99

11

0.129

0.19

27

--

43

0.271

8.13

1.60

0.60

0.34
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BAX--0.67
5
0.072
ND
18
C1
24
0.163
4.86
4.06
0.00
2.63
TU-600
BAX--0.67
7
0.123
ND
24
C1
77
0.188
4.60
1.87
0.68
1.95
TU-800
BAX-0.37
-0.67
15
0.240
0.05 21
C1
277
0.189
4.62
0.51
0.79
1.37
TU-900
BAX-0.37
-0.67
29
0.426
0.14 40
C1
400
0.173
3.75
0.27
0.87
0.88
TU-950
ND-not detected; --not analyzed; *including pyrazinic-N; ♦reduction pretreated; C1-methanol, formic acid; C3-acetone and isopropanol.

Identifying active sites for CO2 reduction process is one of the main objectives of this thesis. The
overall performance of the carbon tested in CO2 reduction decreases with the duration of the
reduction experiments. As a result, the surface of carbon catalysts undertook some degree of
oxidation. The active sites were identified based on their possible interaction with CO2 and the
intermediates and the consumption of surface species in the CO2 reduction process. The latter ones
can be recognized by comparing the changes in surface chemistry of the catalysts before and after
CO2 reduction, which might lead to the surface oxidation. A conversion of a species to its more
reduced form after the CO2 reduction process, indicates that it is electrochemically unstable and
reduced by the applied potential (like the pyridine N-oxides). The mechanism is proposed by
linking the extensive analyses of the surface chemistry, charge, conductivity, and structural
features of the carbons to their performance of CO2ERR. The proposed mechanism of CO2ERR is
described below and illustrated in Figure 7.1 and 7.2:
(1) Mass transfer process:
The first process involves the CO2 transfer from the electrolyte to the electrode surface and its
adsorption there. The catalysts of a highly porous structure and marked volume of ultramicropores
adsorb CO2 strongly owing to the overlapping of the adsorption potential. The fast kinetics of mass
transfer was indicated by the low overpotential and small Tafel slope for the CO2 reduction process
in comparison to the non-porous catalysts. The nanoporous structure mainly affects the kinetics
for CO formation.
(2) The reduction process leading to CO formation:
a) In the one-electron transfer process, CO2ads converts to the intermediate CO2·-/COOH*. The
carbons with high conductivity promote the electron transfer to the electrode surface, which is one

123

of main factors driving the overall reduction reactions. High conductivity is a necessary condition
for the desirable performance of the catalyst in CO2ERR. The performance is limited if the
conductivity is low even when the catalyst possesses a favorable surface chemistry and porous
structure. This intermediate stabilizes on the positively charged sites existing in the carbon
matrices due to heteroatom doping. They are positively charged carbons induced by pyridinic-N,
quaternary-N, thiophenic-S. After the long CO2 reduction process, these active sites were oxidized
to some extent. The linear relationship between the FE of CO the number of pyridinic-N supports
the importance of these sites (Figure 5.16). Thus the positively charged carbon induced by
pyridinic-N is the most active sites for CO formation.

Figure 7. 1. Visualization of the surface changes on nanoporous carbons after CO2ERR
b) The surface chemistry analysis results suggested that hydrogen evolution reaction (HER)
competes with CO2ERR for the pyridinic-N catalytic sites in an aqueous electrolyte. The basic
surface of the catalyst can suppress the competing HER, owing to less protonation degree of the
surface.
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c) With pyrazinic-N present on the surface, the stability of carbon in CO2ERR markedly increased.
The results suggested that the oxidation of pyridinic-N did not take place during 48 hours of the
CO2 reduction. Since a decrease in the nitrogen content after CO2 reduction was linked to the
decomposition of pyrazinic-N, it was concluded that pyrazinic-N protects the active pyridinic-N
sites from oxidation during CO2ERR. Thus this configuration is beneficial to increase the stability
of the catalyst during the CO2ERR process.
(3) The reduction process leading to CH4 and the other hydrocarbons formation:
a) The methane formation on nanoporous carbons is a unique feature found so far only on the
metal-free nanaoporous catalysts. The amount of CH4 formed was found to depend on the amount
of CO formed in the system. Provided that the chemical active sites in the pore system
predominantly participate in CO formation, its adsorption seems to be an important step for
methane formation. These pores, owing to their small sizes and thus a high adsorption potential,
bind CO strongly. The adsorbed CO (intermediate CO*) likely accepts both electrons and protons
simultaneously and CH4 is formed.
Acidic surface might help in the protonation of CO*, which is beneficial for CH4 formation. In the
mechanism of CO2 reduction on copper proposed by Nie and coworkes31 (addressed in Chapter
1.2.3) either *CHO or *COH species was suggested as the intermediate for hydrocarbons
formation. In the case of nanoporous carbons, the configuration of *CHO intermediate was
inclined to oxidize the positively charged carbon atoms in the carbon matrix. Thus the *CHO
species is more likely to be the intermediate than that of *COH for the CH4 formation.
b) Pseudo Fisher-Tropsch mechanisms: Due to the porous nature of the carbons tested, the methane
formation might not be an exclusively electrochemical process. It is proposed that these pores,
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owing to the strong adsorption potential, attract/trap some formed CO and act as Fisher-Tropsch
nanoreactors. The classical Fisher-Tropsch (F-T) process consists of the following steps, which
take place in a chronological order: 1) an associative adsorption of CO; 2) splitting of the C–O
bond; 3) dissociative adsorption of two hydrogen molecules; 4) transferring of two hydrogen atoms
to the oxygen to yield H2O; 5) desorption of H2O; 6) transferring of two hydrogen atoms to the
carbon atom to yield CH2.159 At negative potentials carbons can store, in their pores, hydrogen
from the water reduction process.160 Hydrogen molecule, owing to its very small size (0.289nm)161
should be attracted to the same ultramicropores where CO is adsorbed. Therefore, in a confined
space under a high pressure condition, a coexistence of CO and H2 might result in formation of
methane and water. Strong CO adsorption should promote C-O bond splitting. Even though CH4
can be a byproduct in the classical F-T process, its formation is undesirable in F-T catalysis. In our
case, small pore sizes can provide selectivity for CH4 instead of longer chain hydrocarbons.
Another pseudo Fisher-Tropsch scenario, which also has a high probability to take place in our
electrochemical system, is related to the attraction of H+ ions to the carbon surface in small pores160
where *CO is adsorbed. In such a case the dissociative adsorption of hydrogen in the classical FT process is not needed. The carbon reduction and protonation take place simultaneously. To
provide further support to our findings, experiments with CO and H2 adsorption are planned but
their scope is beyond the objective of this thesis.
C) C3 (acetone

and propanol) formation: The surface-active sites first catalyze the formation of a

number of different C1 intermediates (forming CH4, methanol and formic acid). If the C–C
coupling step between the various C1 intermediates is kinetically possible,143 C2+ products are
formed. Because the pyrazinic-N exists in the carbon matrix, the formed CO in the pores could be
stabilized/strongly adsorbed in the vicinity of the two C-N configurations. Owing to the polarity
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of CO*, it interacts with the positive charge on carbon atom due to nitrogen incorporated to the
carbon ring. The proximity of two C-N bonds in the pyrazinic configuration makes the formation
of C-C bond possible following the reduction of two CO* intermediates. C3 product (e.g. acetone)
might be formed by stabilization of both C2+ and C1 intermediates on the carbon matrix. Another
C-C bond is thus formed.

Figure 7. 2. The proposed mechanisms of CO2ERR on sulfur or/and nitrogen doped nanoporous
carbon electrodes
(4) The mechanism of CO2ERR under visible light:
In the study of photoactive sulfur-doped nanoporous carbons, the band-gap decreased with the
increase of number of thiophenic-S on the surface and with an increase in the contribution of the
sp2 configuration. The presence of the apparent band gap resulted in the generation of photocurrent
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under visible light. The photoinduced electrons were accepted by CO2 and the partial current
density of CO formation increased.
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Chapter 8. Conclusions
The original collected results in this research indicate the combined effects of surface chemistry
and porosity of nanoporous carbons on the CO2 reduction process. The functional group of
pyridinic-N, quaternary-N and thiophenic-S nature was found to play a key role in governing
CO2ERR. A linear dependence of the Faradaic efficiency for CO formation on the number of
pyridinic-N on the carbon surface was found. Pyrazinic-N protected the active pyridinic-N sites
from oxidation during CO2ERR, which markedly increased the stability of the catalysts. The
nanoporous structure, especially the ultramicropores, provides the unique sites for methane and
other hydrocarbons formations. The methane formation is also favored by the acidic surface of
carbons. The results also demonstrated that a sufficient electric conductivity of carbons is a
prerequisite for the satisfactory performance for CO2ERR.
CO is formed by stabilization of CO2-·/COOH* intermediates on positively charged carbons
introduced by pyridinic-N, quaternary-N and thiophenic-S incorporated to the carbon matrix.
Pyridinic-N brings the highest activity for CO2ERR among all functional groups. Thiophenic-S is
found crucial in generating photocurrent and increase partial current density for CO formation
under visible light. Since the intermediate CO* can be strongly adsorbed in the ultramicropores
with the polarity provided by heteroatoms, CH4 is formed in these pores by accepting both
electrons and protons simultaneously. The acidic surface of carbon helps the pronation of the
intermediate CO* to form CH4. Besides, owing to confined pore space, there is an indication that
nanoporous structure might provide as Fisher-Tropsch nanoreactors for CH4 formation.
This work indicates that heteroatom-doped nanoporous carbons can be used as stable and active
electrocatalysts for CO2 reduction. These results offer an alternative to using expensive noble
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metal electrocatalysts. They also open a new path for solving climate change via an economical
and environmental friendly approach.
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Chapter 9. Paths toward Future Research
There are many unexplored directions in the application of nanoporous carbons as CO2 reduction
catalysts. Moreover, with respect to the family of metal-free catalysts, there are still key issues and
challenges that need to be addressed. This chapter suggests an outlook for future research on metalfree catalysts to improve the catalytic activity for CO2 reduction and to further understand the
mechanism of the CO2 reduction process. Suggestions for the future paths are categorized as
follows:
•

Improving of the catalytic activity

The exploration of metal-free catalysts for CO2ERR is a considerably new area of research. This
thesis focuses on sulfur and nitrogen as carbon matrix dopants, which contribute to the formation
of catalytic sites. The influence of other heteroatoms (such as boron or phosphorous) is interesting
to study for CO2ERR. Phosphorus has the same number of valence electrons as nitrogen and often
shows similar chemical properties. Boron is positively charged in the carbon matrix. By doping or
co-doping these heteroatoms, the distribution of charge density is polarized, which introduces the
catalytic activity to the carbon matrices. This might enhance the catalytic activity.
Moreover, it is essential to develop simple and highly efficient approaches to synthesize carbon
nanomaterials with a defined surface chemistry and structure. The carbon materials that have a
clean surface and one specific active functional groups (like pyridinic-N, quaternary-N and
thiophenic-S) can help to probe the mechanism of the CO2ERR when combining with the reaction
performance.
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A catalyst of a low overpotential and high current density for catalytic reactions is required for
commercial applications. The commercial viable current density is ~200mA/cm2.162 For the
application of CO2ERR, the overpotential of carbonaceous materials are still lower than those of
metals. Nevertheless, their important asset is the stability which provides longer activity time than
those of metals. However, the relatively low conductivity of carbon materials is one of the main
limitations for their application in CO2ERR. Currently, the current densities of a few mA/cm2 are
typical for the electrocatalytic reduction of CO2 on metal-free catalysts.84,87,163–165 The current
density of metals (5-200mA/cm2) are much higher than those of carbonaceous materials.166,167 It
is plausible to assume that by an increasing the surface area of a metal-free catalyst the current
density for catalytic reactions might increase since more reactants can be exposed to the surface.
Increasing an electric conductivity (e.g. synthesizing composites with graphene) might be also one
of the important task to increase the efficiency of CO2 reduction on for nanoporous carbon catalysts.
•

Getting Support from Computational Calculations

The study in the thesis is based on the results from experimental techniques. To better
understanding of the mechanisms and optimizing catalyst features for CO2ERR, theoretical work
would be of great support to advance this research. The mechanisms of CO2ERR on various
catalytic materials and conditions were elucidated using density functional theory (DFT),24,30,49,168
which is an effective theoretical method for studying the electronic properties of catalytic materials
and CO2ERR pathways. One of this thesis findings is that the pH of the catalysts surface affects
the performance for the CO2ERR process. However, there are no theoretical studies focused on
proton sources other than from water and their effects on the adsorption of reaction intermediates.
In addition, the current theoretical calculations are mostly on nonporous materials. 24,30,49,168 The
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theoretical study of the effect of the structural features on CO2ERR will give rise to a better
understanding of the intermediate adsorption in porous materials.
•

Increasing the Concentration of CO2 in the Electrolyte

One of the problems in the CO2ERR is the low solubility of CO2 in aqueous electrolytes (0.033
mol/L at 25oC, 1atm),169 which leads to mass transfer limitations for a large current density
electrolysis. Except for applying high pressure, using specialized polymer (e.g. ionic liquids) could
be an alternative to increase the CO2 solubility.17 In addition, the ionic liquids can coordinate with
CO2 through forming complexes, which promotes the adsorption of CO2 on the catalyst surface
and decreases the energy barrier for breaking the C=O bonds.170 Another example is to use liquidlike nanoparticle organic hybrid materials (NOHMs). This type of materials possesses high ionic
conductivities at ambient temperature.171 It also exhibits a fluid character with a negligible vapor
pressure and a high thermal stability. The functionalized NOHMs with high capacity for CO 2
capture meet the fundamental requirements for CO2 electrochemical reduction.172 However, there
has been no study on using the functionalized polymers/materials, as those applied for the CO2
capture, as electrolytes to increase the performance of CO2ERR up to now.
•

Developing a Continuous Reactor System for Electrochemical CO2 Reduction

The research in this thesis has been carried out in a batch-type CO2 reduction electrochemical cell.
The CO2 was only saturated once before the reduction process. The cell also suffered from leaking
problems during long-term reduction process. To conduct prolonged tests, a continuous flow
system would allow the replenishment of fresh CO2 into the electrolyte. The detection of the
products would become more precise in comparison to the batch-type cell.
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The formed products on metal-free carbon catalysts during CO2ERR can be viewed as syngas. The
ideal CO: H2 ratio of syngas is 1:2,173 which is desirable for the methanol synthesis. The
continuous flow reactors are preferred for future application at an industrial scale, where capital
costs will be of importance. Although the large-scale application of CO2ERR are still far away on
metal‐free catalysts, with more effort focused on the development of new materials and the
understanding of mechanism of CO2ERR, they will undoubtedly receive more extensive attention
in the field of materials science and chemical catalysis.
•

Using Solar Light to Drive the CO2 Reduction

The conversion of CO2 to useful chemicals requires appropriate catalysts and energy input. The
energy input can be from not only electricity but also from solar energy. Using solar energy to
reduce CO2 attracts great attentions since it is the only part of the future sustainable scenario. The
metal-free photocatalysts for CO2 reduction not only requires the catalytic activity for the reduction
reactions but also photoactivity simultaneously. A detailed study on the stability of metal-free
photocatalyst is extended in Appendix. It was found that surface features of the catalyst were
affected after photoreduciton of CO2. The photoactivity and bandgap study of the metal-free
catalysts are shown in Figure A8.1-A8.2.
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Appendix
Table A5.1. Atomic concentration of elements on the surface determined by XPS analysis for the
BAX samples studied.*

Sample

(atomic %)
C

O

N

P

BAX-950

92.7

6.5

---

0.8

BAX-950-R

91.7

7.7

---

0.6

BAX-950-N2

92.0

7.6

---

0.5

BAX-950-CO2

91.8

7.6

---

0.6

BAX-O-950

91.0

6.6

1.8

0.6

BAX-O-950-R

91.5

6.6

1.6

0.3

BAX-O-950-N2

91.5

6.8

1.4

0.3

BAX-O-950-CO2

91.0

7.2

1.7

0.1

BAX-M-950

90.4

5.2

3.9

0.5

BAX-M-950-R

89.4

6.4

3.9

0.4

BAX-M-950-N2

90.1

6.0

3.7

0.2

BAX-M-950-CO2

88.8

6.8

4.1

0.3

BAX-M-950-O

87.9

7.9

3.8

0.4

BAX-M-950-O-S

89.3

7.1

3.4

0.3

BAX-M-950-O-N2

89.3

6.9

3.6

0.2

BAX-M-950-O-CO2

87.6

8.6

3.6

0.2

* The contribution from fluorine to the carbon 1s XPS spectrum has been subtracted.
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Table A5.2. The results of deconvolution of C 1s, O 1s and N 1s core energy level spectra for the
initial BAX materials (in at. %).*
Energy, eV
C 1s
284.8
285.7-286.1
287.3-287.5
288.8-288.9
290.2-290.5
O 1s
531.2-531.6
533.2-533.3
535.1-535.6
N 1s
398.5-398.7
400.0-400.9
401.4-401.6
403.1-404.0

BAX950

BAXO-950

BAX-M- BAX-M950
950-O

C-C (sp2, graphitic carbon)
C-O, (phenolic, alcoholic, etheric), C-N
configurations
C=O (carbonyl or quinone)
O-C=O (carboxyl or ester)
Carbonate, occluded CO, π-π electrons in
aromatic ring

69.3

66.0

62.1

59.9

12.9

13.3

14.6

14.2

5.2
3.1

5.1
3.8

6.1
4.5

6.3
4.5

2.2

2.8

3.1

3.0

O=C (in carboxyl/carbonyl) or O=N
O-C (in phenol/epoxy/ether) or O-N
-O- (water or chemisorbed oxygen
species), Occluded CO or CO2

1.69
4.43

2.28
4.32

1.89
3.04

2.86
5.04

Bond assignment

0.38

0.27

N-6 (in pyridines)
0.68
1.30
N-5 (in pyrroles/pyridones)
1.12
1.30
N-Q (in quaternary)
0.87
N-X (in pyridine-N-oxides and/or C0.43
N+O-C)
405.9-406.1 NOx groups
*
The contribution from fluorine to the carbon 1s XPS spectrum has been subtracted.

1.30
1.25
0.68
0.14
0.43
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Table A5.3. The results of deconvolution of C 1s and O 1s core energy level spectra for
BAX-950.*
Energy, eV
C 1s
284.8

Bond assignment

initial

R

N2

CO2

C-C (sp2, graphitic carbon)

69.3

69.6

68.4

67.7

285.9-286.2

C-O, (phenolic, alcoholic, etheric), C-N

12.9

12.8

13.0

12.9

286.8-287.3
288.7-288.9

C=O (carbonyl or quinone)
O-C=O (carboxyl or ester)
Carbonate, occluded CO, electrons
in aromatic ring

5.2
3.1

7.2
2.1

8.5
2.2

8.6
2.6

289.2-290.0
O 1s
531.4-531.6
533.2-533.4
535.9-536.2

2.2

O=C (in carboxyl/carbonyl),O=N
1.69
4.84
4.33
O-C (in phenol/epoxy/ether), O-N
4.43
2.86
3.27
-O- (water or chemisorbed oxygen
0.38
species), Occluded CO or CO2
*
The contribution from fluorine to the carbon 1s XPS spectrum has been subtracted.

4.04
3.56
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Table A5.4. The results of deconvolution of C 1s, O 1s and N 1s core energy levels for BAX-O950.*
Energy, eV
C 1s
284.8
285.8-286.2
286.7
287.8-287.9
290.2

Bond assignment

initial

R

N2

CO2

C-C (sp2, graphitic carbon)
C-O, (phenolic, alcoholic, etheric), C-N
configurations
C=O (carbonyl or quinone)
O-C=O (carboxyl or ester)
Carbonate, occluded CO, electrons
in aromatic ring

66.0

65.9

67.3

66.4

13.3

14.2

14.0

14.1

5.1
3.8

9.2
2.3

8.3
1.9

8.3
2.0

2.8

O 1s
531.3-531.6 O=C (in carboxyl/carbonyl),N=O
2.28
3.81
4.78
533.2-533.4 O-C (in phenol/epoxy/ether), O-N
4.32
2.79
2.02
N 1s
398.2-398.9 N-6 (in pyridine)
0.68
0.52
0.37
400.6-400.9 N-5 (in pyrroles/ pyridones)
1.12
1.08
1.03
*
The contribution from fluorine to the carbon 1s XPS spectrum has been subtracted.

3.62
3.58
0.27
1.43
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Table A5.5. The results of deconvolution of C 1s, O 1s and N 1s core energy level spectra for
BAX-M-950.*
Energy, eV
C 1s
284.8
285.7-286.1
286.6-286.8
287.6-287.9
289.0-290.2
O 1s
531.2-531.6
533.1-533.4
535.2-535.6
N 1s
398.6-398.7
400.4-400.9

Bond assignment

initial

R

N2

CO2

C-C (sp2, graphitic carbon)
C-O, (phenolic, alcoholic, etheric), C-N
configurations
C=O (carbonyl or quinone)
O-C=O (carboxyl or ester)
Carbonate, occluded CO, electrons
in aromatic ring

62.1

60.4

63.7

60.2

14.6

15.9

14.8

16.6

6.1
4.5

10.0
3.0

8.7
3.0

9.6
2.4

O=C (in carboxyl/carbonyl), N=O
O-C (in phenol/epoxy/ether), N-O
-O- (water or chemisorbed oxygen
species), Occluded CO or CO2

1.89
3.04

3.23
2.65

3.06
2.55

3.52
2.64

0.27

0.52

0.39

0.64

3.1

N-6 (in pyridine)
1.30
1.36
1.18
N-5 (in pyrroles/ pyridines/
1.30
1.15
1.36
amines/amides)
401.4-401.6 N-Q (in quaternary)
0.87
0.95
0.84
403.5-404.2 N-X (in pyridine-N-oxides and/or C0.43
0.46
0.32
N+O-C)
*
The contribution from fluorine to the carbon 1s XPS spectrum has been subtracted.

1.14
1.88
0.83
0.25
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Table A5.6. The results of deconvolution of C 1s, O 1s and N 1s core energy level spectra for
BAX-M-950-O.*

Energy, eV
C 1s
284.8
285.8-286.1
286.6-287.4
287.7
290.5-290.6
O 1s
531.1-531.4
533.0-533.4
N 1s
398.5-398.7
400.4-400.5
401.3-401.7
403.3-406.1

Bond assignment

initial

R

N2

CO2

C-C (sp2, graphitic carbon)
C-O, (phenolic, alcoholic, etheric), C-N
configurations
C=O (carbonyl or quinone)
O-C=O (carboxyl or ester)
 transition

59.9

61.8

61.6

57.4

14.2

12.4

15.6

17.0

6.3
4.5
3.0

7.1
1.8

9.3
2.8

10.5
2.7

O=C (in carboxyl/carbonyl), N=O
O-C (in phenol/epoxy/ether), O-N

2.86
5.04

4.33
2.77

3.90
3.00

4.27
4.33

N-6 (in pyridine)
1.30
1.11
1.19
N-5 (in pyrroles/ pyridones)
1.25
1.22
1.21
N-Q (in quaternary)
0.68
0.68
0.71
N-X (in pyridine-N-oxides and/or C0.14
0.38
0.27
N+O-C, NOx groups)
406.1-406.6 NOx groups
0.43
0.22
*
The contribution from fluorine to the carbon 1s XPS spectrum has been subtracted.

0.89
1.68
0.53
0.09
0.42
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Figure A5.1. NMR of electrolyte solution before and after CO2ERR
The control is saturated CO2 0.1M KHCO3 with 5%D2O.The bottom curve is 0.1M KHCO3
electrolyte of BAX-M-950 after CO2ERR for 48h. The peak at 3.06 and 8.33 is methanol and
formic acid, respectively.

Figure A5.2. C 1s and O 1s core energy level spectra of the BAX-950
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Figure A5.3. C 1s and O 1s core energy level spectra of the BAX-O-950
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Figure A5.4. C 1s, O 1s and N 1s core energy level spectra of the BAX-M-950
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Figure A5.5. C 1s, O 1s and N 1s core energy level spectra of the BAX-M-950-O
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Figure A6.1. NMR spectra for liquid products for the BAX-TU carbons studied. The peaks at
2.22(s), 3.34(s), and 8.33(s) correspond to acetone, methanol, and formic acid, respectively.
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Figure A6.2. C 1s and O 1s core energy level spectra of the initial BAX-TU carbons
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Figure A6.3. The Mott-Schottky plots for BAX-TU-600 and BAX-TU-950

Appendix study: The Study of the Alterations in Surface Features of Metal-free
Photocatalyst Exposure to CO2 and Water upon Visible Light
The first research of photocatalytic CO2 reduction was on TiO2 semiconductors in 1979.174 Since
then, researchers have studied the photocatalytic efficiency and mechanisms of photocatalytic CO2
reduction over all kinds of semiconductors either on doped or co-doped, composite semiconductors
and cocatalyts.175–177 However, most of the catalysts need UV-light to induce the conversion and
their synthesis are perplexing and expensive. It was until recently that Dong and co-workers found
the CO2 reduction capability of graphitic carbon nitride (GCN) under visible light.178 GCN is a
nontoxic and novel semiconductor catalyst.179 It is an organic polymer which shows a good visiblelight response owing to the bandgap of about 2.7eV.180,181 Dong and coworkers used GCN obtained
by heating melamine and melamine hydrochloride to reduce CO2 to CO in the presence of water
vapor.178 They proposed that when both water and CO2 are present on the graphitic carbon nitride,
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water get oxidized by photon-induced holes and CO2 reduced by electrons. Recently sulfur-doped
carbons have been reported as photocatalysts for various applications.155–157,182–184 It was proposed
that the doping with sulfur not only decreases the band gap, but also brings the positive charge to
the carbon atoms and thus creates more centers for reduction reactions. The sulfur in thiophenic
configuration was indicated as the most crucial for photoactivity.
To contribute to a deeper understanding of the photoreduction process on GCN or/and S-doped
carbon, the individual effect of light, water, and CO2 and their combined effects on the surface
chemistry was studied on g-C3N4(GCN), S-doped carbon catalyst (CS), the physical mixture of
GCN and CS(GCN-CS/M) and the composite of GCN and CS (GCN-CS/C) materials. Carbon
nitride (GCN) was obtained by heating dicyandiamide at 550oC for 4h in air in a horizontal furnace.
Poly (sodium 4-styrenesulfonate) was used as the precursor to prepare CS. This polymer was
carbonized at 550oC for 1h under N2. The GCN-CS/M was obtained by grinding the mixture of
GCN and S-doped carbon (CS) (mass ratio of 1: 1) in a mortar for about 30min. GCN-CS/C was
prepared by carbonization of the polymer in the presence of GCN. GCN was first dispersed in
water by sonication (1g/100mL.) Then the amount of polymer corresponded to 50wt.% of resulting
CS carbon (calculated taking into account the yield of the carbon at 550oC) was added to GCN
aqueous suspension. The suspension was mixed for 3h and dried at 120oC. Then the carbonization
was carried out in a horizontal furnace at 550oC for 1h under nitrogen.
As seen in Figure A8.1, exposure to light increases the current owing to the generation of
photoelectrons for all four materials. Owing to the lack of conductivity and fast hole-electron
recombination from GCN, photocurrent generation of GCN and GCN-CS/M upon the visible light
irradiation were measured with the addition of conductive carbon black. The exposure of carbon

148

black itself to visible light itself resulted in a current decrease due to the movement of electrons to
some trapped stated by the provided energy.185

Figure A8.1. Photocurrent evolution upon solar light irradiation on a) GCN; b) S-doped carbon; c)
Carbon Black; d) GCN-CS/M and e) GCN-CS/C. Copyright 2017, with permission from Royal
Society of Chemical.147,186
The surface chemistry of the initial and exposed samples was studied by XPS and potentiometric
titration. In the case of the porous carbon catalysts the changes in porosity were also estimated
based on the adsorption of nitrogen. The difference in the alignments of the band gap are
responsible for the differences in the photosensitivity of the samples and stability of their surface
upon exposure to CO2, water, or CO2 and water at solar light. It was found that exposure to CO2
under visible light irradiation caused the most pronounced changes in surface chemistry for GCN
and CS itself. Mainly oxidation of surface carbon atoms was found on GCN and CS itself, which
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was accompanied by the reduction of surface nitrogen in the case of GCN, and removal of some
sulfur species in the case of CS.
The results obtained on the physical mixture GCN-CS/M and composite GCN-CS/C indicate that
both water splitting, and CO2 reduction can take place on the surface of the samples. Both reactions
were much more favorable on the physical mixture than on the composite. Interestingly, the
surface the physical mixture (GCN-CS/M) was found to undergo self-reduction owing to its low
conductivity. The most reactive conditions for the GCN-CS/M was that under light with CO2 and
water present in the system. In the case of the composite GCN-CS/C, surface reactivity and
formation of oxygen resulted in the oxidation of the carbon matrix, which led also to the porosity
decrease.
The results showed that the visible light exposure of carbon-based catalysts can promote surface
reactions and affect their surface chemistry. That surface changes might also affect catalytic
efficiency of photoreduction reactions. The study pointed out that the surface chemistry was
affected in such systems. It also and stimulated further research on the evaluation of the changes,
which arise when these materials are applied to real energy-related catalytic systems.
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Figure A8.2. Band-gap diagram (The CO2 redution reactions must involve protons from water.)
Copyright 2017, with permission from Royal Society of Chemistry.186
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